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Abstract
This research thesis presents the anisotropic behaviour of undisturbed and re-
constituted Boom clay at small strains. It describes in full detail the test
set-up and measurement capabilities, shows the test results and experimental
investigations on the mechanical behaviour of both the undisturbed and the re-
constituted Boom clay. The undisturbed Boom clay is sampled at the research
site Sint-Katelijne-Waver in Belgium, a research site was intensively studied
by Menge´ (2001), Haegeman & Menge´ (2001) and Karl (2005) due to the fact
that it has a homogeneous Boom clay layer at outcrop. In order to compare
the undisturbed Boom clay results, reconstituted Boom clay samples are made
at the same void ratio and natural water content.
Within the framework of this research, two prototype triaxial apparatuses
are constructed to investigate the small strain anisotropic stiffness of the Boom
clay incorporating both multi-directional bender element and local strain mea-
surements. The two prototype triaxial apparatuses are capable of measuring
local vertical and horizontal strains down to 10−3 %. A first triaxial appara-
tus with local strain sensors offers the possibility to consolidate a soil sample
under isotropic stresses, secondly, an anisotropic triaxial apparatus with in-
strumented Bishop & Wesley (1975) stress path cell and local strain devices
offers the possibility to consolidate a soil sample under anisotropic K0- or K-
condition. These apparatuses include multi-directional bender elements for
measurement of shear wave velocities, Vs(vh), Vs(hh) and Vs(hv) to calculate
shear moduli Gvh, Ghh and Ghv. Thus, Boom clay samples are consolidated
under both isotropic and anisotropic stresses (K = 2.0). At the end of each
consolidation phase, multi-directional bender element tests are performed to
measure the initial shear moduli (Gvh, Ghh and Ghv) of Boom clay at very
small strains.
The combination of isotropic and anisotropic tests offers the opportunity
to separate the effect of stress-induced anisotropy from the effect of inherent
anisotropy for the undisturbed Boom clay. Investigation leads to the void ra-
tio function of the Boom clay expressing the dependency of the shear moduli
on the void ratio. This void ratio function of Boom clay is F (e) = e−1.21.
Stress-induced anisotropy of undisturbed Boom clay is found during regression
analysis of virgin load data and shown in the stress exponents nv = 0.28 and nh
= 0.17 and also during regression analysis of the unload-reload data expressed
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by the values of nv = 0.21 and nh = 0.14. nv and nh express the dependency
of the shear moduli on respectively the vertical and horizontal stresses. The
value of nv is higher than the value of nh reflecting the Boom clay has the
stress-induced stiffness in the vertical direction higher than in horizontal direc-
tion. Inherent anisotropy of undisturbed Boom clay is found during regression
analysis of virgin consolidated data and shown in the ratios of Shh/Shv = 1.57
and Svh/Shv = 1.37 and for unload-reload data in ratios of Shh/Shv = 1.58 and
Svh/Shv = 1.28. The values of the stress exponents n and these ratios show
that the Boom clay is a significantly anisotropic material.
The tests on the young reconstituted Boom clay present the stress-induced
and the strain-induced anisotropy without any effect of soil ageing. Stress-
induced anisotropy of reconstituted Boom clay is obtained by regression analy-
sis on the measurement data. For virgin load data, the values of nv = 0.27
and nh = 0.21 are found and consistent with the stress-induced anisotropy for
undisturbed Boom clay. For the unload-reload data, the values are nv = 0.09
and nh = 0.16 and significantly lower than the virgin consolidated data possibly
caused by the swelling effect of the reconstituted Boom clay. Strain-induced
anisotropy of reconstituted Boom clay is found during regression analysis of
virgin load data and shown in the ratios of Shh/Shv = 1.47 and Svh/Shv =
1.00. The ratio Svh/Shv = 1.00 shows the existence of the cross-anisotropy. For
unload-reload data, the ratio Shh/Shv is 1.43 and the ratio Svh/Shv is 1.19 and
consistent with undisturbed Boom clay as both are overconsolidated materials.
Comparisons between undisturbed and reconstituted Boom clay show that the
undisturbed Boom clay is stiffer than the reconstituted Boom clay due to the
ageing of the material shown through higher Sij .
At the end of each virgin consolidation phase, Boom clay samples are
sheared with multiple mini stress path excursions (MMSPE). Combining the
MMSPE data with the multi-directional bender element results, five indepen-
dent elastic parameters of the cross-anisotropic elasticity model are evaluated.
The three parameters Ev, νvh, Fh formulation proposed in Lings et al. (2000)
offers the possibility to evaluated the five independent elastic parameters for
the cross-anisotropy out of the anisotropic triaxial testing. This enables the
application of a cross-anisotropic elastic constitutive law on both the undis-
turbed and the reconstituted Boom clay. The strain energy method is very
useful for comparison of the small strain elastic moduli at the same strain
energy and calculation of the five independent elastic parameters for the cross-
anisotropy. The small strain elastic moduli increase with increasing confining
stresses compared at the same strain energy level and are independent of stress
path directions.
The research also compares the field and the laboratory data. The labora-
tory Vs(vh) is higher than the field SCPT data but the increase with depth is
similar. The laboratory test data of Vs(hh) and Vs(hv) are compared with SRT
and SASW tests and show that the laboratory Vs(hh) and Vs(hv) are lower than
the field data. Possible reasons are that in the field horizontally propagating
waves pass along layers of high stiffness while the laboratory test data is per-
formed on small, possible less stiff material or the inversion calculation of the
horizontal shear wave velocity by the SRT and the SASW tests is based on a
linear elastic isotropic assumption which is not valid for the Boom clay.
Finally the measurement data is also used to assess the possible disturbance
of the material through sampling since the undisturbed Boom clay is sampled
with two soil sampling techniques. Firstly, an open-tube sampler is a com-
mon soil sampling method used in Belgium. This open-tube sampler uses the
thin-walled tube for soil sampling quality class A. Secondly, the rotary core
drilling with triple tube wire line coring sampling system is originally designed
for taking cores in rock, but stiff clay sampling is also applicable. This second
technique is new in Belgium and operates faster than the first technique. How-
ever, its fast operation might cause soil sample disturbance. Therefore, the
research compares the possible disturbance caused by the two sampling tech-
niques using isotropic triaxial tests with bender elements and found that the
new sampling technique can obtain as high quality samples as the open-tube
sampler.
Keeratikan Piriyakul
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Samenvatting
Het anistrope spannings-vervormingsgedrag bij kleine vervormingen van
geroerde en ongeroerde Boomse klei is het onderwerp van dit doctoraatswerk.
Dit werk omvat de ontwikkeling, sturing en data-acquisitie van een meetop-
stelling vertrekkende van een conventioneel ge¨ınstrumenteerde Bishop & Wes-
ley (1975) spanningsgestuurde triaxiaalcel die wordt uitgebreid met multidirec-
tionele bender elementen en lokale vervormingssensoren. Deze opstelling laat
toe een isotrope en K of K0 consolidatie uit te voeren, gevolgd door multidirec-
tionele bender element metingen op het einde van de consolidatie en uiteindelijk
afschuivingen via verschillende spanningspaden. De bender element metingen
leiden tot de initie¨le glijdingsmoduli Gvh, Ghh en Ghv. De aangelegde span-
ningsvariaties zijn zeer beperkt (multiple mini stress path excursions MMSPE),
veroorzaken bijgevolg enkel elastische vervormingen en leveren in combinatie
met de bovenvermelde glijdingsmoduli tot de anisotrope elastische stijfheidspa-
rameters van het materiaal. Overgeconsolideerde Boomse klei ontnomen op de
research site te Sint-Katelijne-Waver is het grondmateriaal voor deze studie.
Proeven worden uitgevoerd op ongeroerde monsters maar eveneens op aange-
maakt materiaal met eenzelfde porie¨ngetal. Verschillende reeksen proeven on-
der isotrope en anisotrope spanningscondities op beide types materiaal laten
toe de invloed van de structuur en de spanning inclusief de overconsolidatie op
het anisotrope stijfheidsgedrag apart te begroten. Proeven op het aangemaakte
materiaal tonen tevens de structurele invloed op de stijfheid in afwezigheid van
alle mogelijke verouderingsprocessen (ageing).
Regressie analyse op de meetdata van het ongeroerde kleimateriaal levert
de dichtheidsfunctie F (e) = e−1.21. Deze functie toont de relatie tussen de
glijdingsmoduli en het porie¨ngetal. De spanningsanisotropie komt tot uiting
in de spanningsexponenten nv = 0.28 en nh = 0.17 voor de belastingsdata en
nv = 0.21 en nh = 0.14 voor de herbelastingsdata. Deze spanningsexponenten
leggen de relatie tussen de glijdingsmoduli en respectievelijk de verticale en
horizontale spanningen. De spanningsexponent nv is hoger dan nh wat duidt
op een hogere spanningsge¨ınduceerde stijfheid in verticale richting dan in hor-
izontale. De inherente anisotropie van het ongeroerde kleimateriaal komt tot
uiting na regressieanalyse op de meetdata in de verhoudingen Shh/Shv = 1.57
and Svh/Shv = 1.37 voor de belastingsdata en Shh/Shv = 1.58 and Svh/Shv
= 1.28 voor de herbelastingsdata. De waarden van de spanningsexponenten
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en deze verhoudingen tonen duidelijk het anisotrope stijfheidsgedrag van de
ongeroerde Boomse klei.
De spanningsanisotropie voor het aangemaakte kleimateriaal tijdens belas-
ten is opnieuw te zien in de exponenten nv= 0.27 en nh = 0.21; waarden
consistent met de belastingsdata op het ongeroerde materiaal. Bij herbelasten
liggen de exponenten significant lager nv = 0.09 en nh = 0.16 wat mogelijks
kan worden gewijd aan het zwelgedrag van de aangemaakt klei. De structuu-
ranisotropie voor de belastingsdata leidt tot de verhoudingen Shh/Shv = 1.47
en Svh/Shv = 1.00. De verhouding Svh/Shv = 1.00 toont duidelijk de cross-
anistropie van het materiaal. Voor de herbelastingsdata zijn uiteindelijk deze
verhoudingen Shh/Shv = 1.43 en Svh/Shv = 1.19. Laatstgenoemde verhoudin-
gen zijn vergelijkbaar met de resultaten op het ongeroerde materiaal gezien
beide materialen nu zijn overgeconsolideerd. In conclusie kan worden gesteld
dat de ongeroerde Boomse klei stijver reageert dan de aangemaakte klei bij
eenzelfde porie¨ngetal en dit omwille van “ageing” effecten van het materiaal.
Als constitutief model wordt een elastisch cross-anisotropisch model
aangenomen gedefinieerd door vijf onafhankelijke elastische parameters. Uit
dit onderzoek blijkt dit een geldig model voor de aangemaakte Boomse klei
en worden de vijf parameters begroot, doch voor het ongeroerde materiaal
dienen de aldus afgeleide stijfheidsparameters met de nodige voorzichtigheid
te worden behandeld. De drie-parameter formulering van Lings et al. (2000)
maakt het mogelijk de vijf onafhankelijke elastische parameters af te leiden uit
de anisotrope triaxiaalproefresultaten. De vervormingsenergie-methode wordt
gehanteerd om deze parameters te bepalen bij eenzelfde vervormingsenergie.
Verder worden laboresultaten op het niveau van de transversale golfsnelhe-
den ook vergeleken met terreinresultaten en is een discrepantie merkbaar juist
omwille van het feit dat de interpretatie van de terreinproeven is gebaseerd
op een isotroop elastisch gedrag van het materiaal waarbij deze studie echter
duidelijk de anisotropie aantoont en vastlegt.
Uiteindelijk kunnen deze metingen ook worden gebruikt om een mogelijke
geroerdheid van het materiaal tijdens monstername aan te tonen. Kleimonsters
werden immers ontnomen met twee verschillende boortechnieken met name de
klassieke dunwandige steekbusmethode maar ook een boortechniek die con-
tinue monstername toelaat. Vergelijking van de bender element resultaten op
kleimonsters ontnomen op dezelfde diepte tonen aan dat beide boortechnieken
kunnen worden beschouwd als monsterontnametechnieken van hoge kwaliteit.
Keeratikan Piriyakul
Gent, September 2006
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List of symbols and units
The following table presents the most frequently used symbols and abbrevia-
tions. The symbols are, in most cases, also defined when they are introduced
in the text.
Symbols and units
a effective area of the Bellofram seal mm2
A cross-sectional area of triaxial sample mm2
Ac cross-sectional area of sample after consolidation mm
2
BP back pressure Pa
c′ cohesion Pa
CF clay fraction %
Ci inside clearance ratio %
CPT cone penetration test −
DMT Marchetti dilatometer test −
D distance between the magnets mm
e voids ratio −
Eh, Ev horizontal/vertical Young’s modulus Pa
Graham & Houlsby (1983) Pa
Es secant Young’s modulus Pa
f frequency of sending signal Hz
F friction adjustment Pa
F (e) void ratio function −
Fa axial force N
Fh horizontal modulus (= E
′
h/(1− ν
′
hh)) Pa
Gs specific gravity −
Gmax, G0 initail shear modulus Pa
G0(ij) very small strain shear moduli in the ij plane Pa
H distance between the magnets and the semiconductor mm
Ip plastic index %
J ′ a coupling modulus in Atkinson et al. (1990) Pa
J ′pq, J
′
qp a coupling modulus in Hird & Pierpoint (1994) Pa
k empirical exponent depending on the plasticity index
PI of the clay −
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K ′ a bulk modulus in Atkinson et al. (1990) Pa
K0 coefficient of earth pressure at rest −
L tip to tip distance between two transducers m
LDT local deformation transducer −
LV DT linear variable differential transformers −
N number of full wavelengths −
ni, nj , nij empirical exponents −
M0 initail constrained modulus Pa
MMSPE multiple mini stress path excursions −
OCR over consolidation ratio −
PTFE polytetrafluoroethylene −
pa atmospheric pressure Pa
pr a reference stress (1 kPa in this research) Pa
p′ mean effective stress Pa
q, q′ deviatoric stress Pa
UPS an un-interruptible power supply −
SEM scanning electron microscope −
SCPT seismic cone penetration test −
SASW spectral analysis of surface waves −
SRT seismic refraction test −
S, Sij a dimensionless elastic stiffness coefficient −
Sr saturation degree %
t required time s
tt total travel time s
tc offset time s
U strain energy kJ/m3
Vp primary wave velocity m/s
Vs shear wave velocity m/s
Vs(ij) shear wave velocity for wave propagated in i
direction with j polarisation m/s
w water content %
wLL liquid limit %
wPL plastic limit %
x index of void ratio function Lo Presti (1989)
x, y, z horizontal/horizontal/vertical axes
in Cartesian system −
γxy, γyz, γzx shear strain in horizontal/vertical/vertical plane −
γd dry unit weight kN/m
3
γn natural unit weight kN/m
3
ǫa, ǫr axial/radial direct strain −
ǫxx, ǫyy, ǫzz horizontal/horizontal/vertical
direct strain in Cartesian co-ordinates −
ǫv vertical strain −
ǫh horizontal strain −
ǫp volumetric strain −
LIST OF SYMBOLS AND UNITS xix
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ρ mass density kg/m3
β function of the stress ratio −
η stress ratio −
α anisotropy parameter in Graham & Houlsby (1983) −
ν′hh, ν
′
hv, ν
′
vh Poisson’s ratios horizontal to horizontal/
horizontal to vertical/vertical to horizontal −
σ′i, σ
′
j , σ
′
k effective principal stresses acting on the
plane in which G0 is measured Pa
σ′h, σ
′
v effective horizontal/vertical stress Pa
σh, σv horizontal/vertical stress Pa
σ′vc maximum vertical effective stress that a soil was
subjected to in the past Pa
σ′xx, σ
′
yy, σ
′
zz effective horizontal/ horizontal/vertical
stress in Cartesian co-ordinates Pa
τxy, τyz, τzx shear stress in horizontal/vertical/ertical plane Pa
φ′ effective angle of friction o
Subscripts
0 indicates value at very small strain
ij indicates plane in which parameter is measured, usually
involves combinations of h and v, horizontal and vertical
Superscripts
′ indicates effective stress parameter
l indicates measurement of local strain data
NC indicates normally consolidated stage
OC indicates overconsolidated stage
Prefix
δ indicates small increment
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Chapter 1
Introduction
1.1 Introduction
Many soil mechanics theories assume that the behaviour of soils is isotropic
to apply in geotechnical engineering problems. However, several natural soils
behave as an anisotropic material and they have anisotropy imposed through
the processes by which they were formed. Gravity influences soil formations
and the vertical direction consequently retains importance with the variation
of properties reflecting this vertical significance. This thesis is developing tech-
niques to measure stiffness properties of the Belgian Boom clay in different
directions with the aim of providing better soil parameters for geotechnical
engineering models in the small strain region.
During the last 20 years, the Laboratory of Geotechnics of the Ghent Uni-
versity developed some laboratory tests for determination of the initial shear
modulus, G0. This initial shear modulus is widely considered to be an im-
portant parameter in earthquake engineering and the prediction of soil struc-
ture interaction. The reliable determination of G0 and completed stress-strain
curves especially in the small and intermediate strains, offers the possibility of
deducing the functional relationship between shear modulus degradation and
strain. The improvements in the understanding of the soil stiffness properties
at the low levels of strain are proposed by Burland & Symes (1982). They
suggested to use local strain sensors in triaxial test for measuring of axial de-
formations. Scholey et al. (1995) reviewed all instruments for measuring small
strains in triaxial testing. In this research we decided to use the Hall effect
gages due to their light weight, simplicity, high accuracy and they are now
commercially available. The Hall effect gages are developed by Clayton et al.
(1989) and can be used for measuring local strains both in vertical and hori-
zontal directions. In the very small strain region where the strain level is less
than 10−3 %, the behaviour of soils is considered to be elastic. Additionally
this research uses the bender element technique for measuring of G0 by means
of elastic shear wave propagation. This measurement uses the principles of
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wave propagation through soils since there is a direct correlation between the
shear wave velocity and G0 as described in Dyvik & Madshus (1985). Currently
within the framework of this research, a new horizontal bender element tech-
nique is adapted allowing shear waves to propagate through a soil specimen in
horizontal direction as described in details by Fioravante & Capoferri (2001).
By this multi-directional bender element testing, Gvh, Ghh and Ghv are mea-
sured on the same soil specimen. Therefore in this research G0 is obtained by
local strain measurements, external strain measurements and bender element
tests. Registration of the local strain measurements allows for calculation of
the shear modulus over a wide range of strain and comparison with the initial
shear modulus out of bender elements tests. In this research two prototype
triaxial apparatuses are constructed for measurement of shear wave velocities
on reconstituted and undisturbed soil samples. One is an isotropic triaxial cell
and another one is anisotropic triaxial cell. In these two triaxial apparatuses,
multi-directional piezoelectric bender elements are installed to measure the G0
in multi-directions under isotropic and anisotropic stress conditions. Tests con-
firm that G0 is highly dependent on the void ratio and stress conditions. Thus
the stress-induced, inherent and strain-induced anisotropy can be investigated.
Cross-anisotropy, also called transverse isotropy, is the most prevalent type
of anisotropy in soils. The elastic properties are the same in the lateral direction
but are different from the vertical direction. The cross-anisotropy of an elastic
material is described by five independent elastic constants: Ev, Eh, νvh, νhh
and Ghv as explained in Love (1927). Since the Ghv is measured by bender
element test at strain level less than 10−3 %, the rest of the elastic stiffnesses are
obtained by Multiple Mini Stress Path Excursions (MMSPE) in triaxial testing
at very small strains (about 10−3%). Much experimental data is published on
the cross-anisotropy of reconstituted sand samples. Less data is published
on clays and undisturbed samples. Therefore this research will focus on the
Belgian Boom clay. This research attempts to investigate all five independent
elastic constants of undisturbed and reconstituted Boom clay.
Undisturbed Boom clay is sampled from the research site at Sint-Katelijne-
Waver in Belgium. Last few years many research studies are performed at this
site such as Menge´ (2001) and Haegeman & Menge´ (2001). This site has a ho-
mogeneous Boom clay layer at outcrop. Laboratory tests on reconstituted and
undisturbed samples are compared with in-situ measurements since SCPT and
SASW provide the initial vertical and the horizontal shear modulus respectively
at the in-situ stresses.
1.2 Objectives
The objective of this research is to study the stress-strain behaviour of undis-
turbed and reconstituted Belgian Boom clay in the small and intermediate
strains under both isotropic and anisotropic stress conditions. This requires
the design of a high quality triaxial test with local strain measurements and
bender elements. The objectives set for the research are:
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• to establish an isotropic and an anisotropic laboratory triaxial testing
facility capable of measuring small strain stiffness using local strain sen-
sors.
• to apply multi-directional bender elements to measure the shear modulus,
G0.
• to explore the factors which influence G0 in the Boom clay.
• to compare laboratory measurements of G0 on undisturbed and reconsti-
tuted samples under isotropic and anisotropic conditions.
• to compare laboratory results with in-situ data.
• to determine the five elastic parameters for the cross-anisotropic model.
1.3 Thesis structure
Following this chapter, Chapter 2 describes the state of the art of triaxial small
strain testing with local strain sensors and bender elements. The small strain
stiffnesses are evaluated using both static and dynamic methods. The impor-
tance of anisotropy and some influence factors are commented. Finally previous
studies investigating the small strain stiffnesses of clay soils are discussed.
Chapter 3 explains the high accuracy triaxial apparatus. Both the isotropic
and anisotropic test procedure are clearly described. The working principle of
local strain sensors and bender elements is explained.
Chapter 4 shows the methodology used to sample, prepare and test the
Boom clay. It starts with describing the research site and methods used to
obtain undisturbed samples. The reconstitution technique, the setting up of
the sample into the triaxial apparatus, the development of the LABVIEW
program for K-and K0-consolidation and mini-stress path shearing are also
commented.
Chapter 5 presents the shear wave results in isotropic and anisotropic tests
on both undisturbed and reconstituted samples. The void ratio function of
Boom clay is found. The stress-induced, inherent and strain-induced anisotropy
of Boom clay are investigated. The isotropic and the anisotropic data are given
and finally compared with in-situ data.
Chapter 6 investigates the cross-anisotropic elastic stiffnesses of Boom clay.
By means of the strain energy method, these stiffnesses are compared at the
same unified strain level. Then, the five elastic parameters for the cross-
anisotropy of Boom clay are evaluated using MMSPE and bender elements
data.
Chapter 7 draws out the conclusions of the investigations and gives sugges-
tions for further study. This chapter is followed by the bibliography.
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Chapter 2
The state of the art of
small strain testing
2.1 Introduction
The initial shear modulus, G0, is widely considered to be a fundamental soil
stiffness property and is important to geotechnical engineers for several rea-
sons. It is a parameter for practical geotechnical problems both in earthquake
engineering and in the prediction of soil structure interaction. The reliable de-
termination of G0 and inferring complete stress-strain curves especially in the
very small and small strains, offers the possibility of deducing the functional
relationship between shear modulus degradation and strain as seen in Figure
2.1. Many researches attempt to investigate soil properties and especially focus
on the initial shear modulus, more often referred to as an isotropic shear mod-
ulus, G0. In this research anisotropy is included so G0(ij) is measured where
the suffix ij refers to the plane in which the shear modulus is measured. In
order to simplify initial stiffnesses, the suffix 0 will be omitted.
In most cases properties of natural soils are not the same in both vertical
and horizontal directions. Therefore, analytical models assuming the behaviour
of soils as isotropic for solving engineering problems are of course restricted.
Lee & Rowe (1989) found that the anisotropy should be considered if reliable
predictions of settlements induced by tunnelling are to be obtained. In arching
support mechanism, it is expected that Gvh, Ghh, Ev and Eh have an influence
on deformations. The five elastic parameters for a cross-anisotropic model are
used to calculate the pre-failure deformation. They found that the anisotropic
stiffness has a significant effect on the shape of the settlement. Ng et al. (2004)
studied an inherent anisotropic stiffness and its influence on ground deforma-
tions around deep excavation. Using multi-directional bender elements in the
triaxial test, they were able to measure shear moduli in different planes of a soil
sample. These shear moduli were used in a finite element computer program
using an elastoplastic model with the Mohr-Coulomb yield criterion. So, they
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found that the maximum ground settlement in the anisotropic case increased
by 19 % compared with the results from the isotropic analysis proving the
outmost importance of assessment of anisotropic stiffnesses.
In conclusion this chapter will describe:
• techniques for measuring of the small strain stiffness of soils.
• the implications of anisotropy on the measurement of shear modulus in
the triaxial cell.
• previous studies of the small strain anisotropy of clays using triaxial
equipment.
2.2 Measurement of small strain stiffness
2.2.1 Static local strain measurement of small strain stiff-
ness
G'
G' 0
very small small large
~1% ln ε
~10 -³ %
Figure 2.1: An idealization of the variation of stiffness with strain for soil after
Atkinson & Sa¨llfors (1991).
The use of local strain instrumentation in the triaxial soil testing is shown
in Burland & Symes (1982). They found that at axial strains less than 10−1
% the local measurements give much higher stiffness than those determined
from conventional measurements. In conventional triaxial testing, an axial de-
formation of a soil sample is measured outside the triaxial cell. This way of
measurement introduces significant errors in computation of strains. There are
two main sources of errors. Firstly, the compliance of the apparatus: the tie
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bars and load cell will be compressed during loading. Secondly, bedding errors
since contacts between the sample ends and the apparatus may not be smooth
and aligned. Jardine et al. (1984) reported that the local strain sensors can
resolve displacements to an accuracy of about 1 µm over a range of 15 mm and
adopted the local strain data for modeling of soil/structure interaction prob-
lems. Burland (1989) expressed in the lecture “small is beautiful” that if the
strains are measured locally to a high accuracy, tests on high-quality samples at
the appropriated confining pressures give remarkably accurate and consistent
measurements of the in situ small-strain stiffness. Usually, foundation settle-
ments cause vertical strains within the soil mass deformation on the order of
10−1 to 10−2 %. Atkinson & Sa¨llfors (1991) illustrated a typical “backbone”
shaped curve dividing the strain into three types. There are very small, small
and large strains as depicted in Figure 2.1. Below the strain level of 10−3 %,
the backbone curve is constant and represents the elastic small strain stiffness.
They estimated the limit of reliable local strain measurements to be about
5× 10−3 % strain. However, this limit is extended to the level of 1.5× 10−3 %
in Atkinson et al. (1993) as depicted in Figure 2.2. Cuccovillo & Coop (1997)
have developed the measurement of local axial strains using the linear vari-
able differential transformers (LVDTs) to reliable resolutions of about 2×10−4
%. Goto et al. (1991) were capable to measure local axial strains to the res-
olution of 10−4 % performing local measurements using the local deformation
transducer (LDT). More recently, Hoque et al. (1997) have improved this LDT
application to resolutions of 5× 10−5 %.
Scholey et al. (1995) reviewed instrumentations for measuring local strains
in triaxial testing. This paper shows the advantage and disadvantage of each
device. Using this review guideline, the Hall effect sensor is selected for this
research due to its simplicity, low cost, stability, light weight and accuracy. The
details of using the Hall effect sensors in triaxial tests are explained elsewhere:
Clayton & Khatrush (1986), Clayton et al. (1989) and Bica & Clayton (1989).
At the Laboratory of Geotechnics of the Ghent University, the Hall effect sen-
sors were already used in isotropic triaxial tests. De Saedeleer (2001) has
successfully performed isotropic triaxial test with small strain measurements.
The development of laboratory techniques for reliable measurement of small
strains has assisted in closing the gap between the static and dynamic measure-
ment of soil stiffness. As shown in Figure 2.2, strain levels of 10−3 to 10−4 %
are covered by dynamic methods of soil testing (e.g. resonant column and ben-
der element technique). These methods will be shortly discussed before trying
to resolve any issues of compatibility between static and dynamic techniques.
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G'
G' 0
ε (%)0.0001 0.001 0.01 0.1 1 10
bender elements
resonant column
local measurement of axial strain
hydraulic triaxial cell
conventional triaxial cell
Figure 2.2: Variation of stiffness with strain measured with different laboratory
tests after Atkinson et al. (1993).
2.2.2 Dynamic methods for measuring very small strain
stiffness
Dynamic methods for determination of soil stiffness in elastic media are based
on velocity measurements of body waves: p-waves and s-waves as shown in
Figure 2.3. P-waves, also known as primary, compressional, or longitudinal
waves, have the motion of an individual particle parallel to the direction of
travel. S-waves, also known as secondary, shear or transverse waves, have the
motion of an individual particle perpendicular to the direction of s-wave travel.
The relationships between the velocities of the body waves and the moduli are
based on the assumption that soil behaves as an isotropic homogeneous elastic
medium.
M0 = ρ · V
2
p (2.1)
G0 = ρ · V
2
s (2.2)
so M0 is the initial constrained modulus, G0 is the initial shear modulus, ρ is
the mass density of the material, Vp is the primary wave velocity and Vs is the
shear wave velocity.
Gajo & Mongiov`ı (1994) analysed the errors made in the assessment of solid
skeleton elastic properties (e.g. a bulk modulus, K, and a shear modulus, G)
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Figure 2.3: Deformations produced by body waves: (a) p-wave; (b) s-wave,
Kramer (1996).
from dynamic tests on saturated soils, in relation to the accuracy of velocity
measurement. K is a function of both Vp and Vs whileG is only a function of Vs.
They studied loose and dense sands with porosities of 0.45 and 0.30 respectively.
As seen in Figure 2.4, the results are presented in the following manner: the
errors made in the interpretation of dynamic soil tests, for instance regarding
G, are given by err(G) =
∣∣∣Gevl−GrealGreal
∣∣∣ where Gevl and Greal are respectively
the evaluated and the real values of G. They found that K may be affected by
a large error, especially for soft porous media while G is somewhat constant
and can be accurately measured within 1-2 %.
Measurement of p-wave velocity in triaxial testing is a very good concept
offering the possibility to double check the stiffnesses of Boom clay. However,
there are some reasons not to measure the p-wave velocity in this study. Firstly,
there is the difficulty in accurate measurement of Vp since the p-wave velocity of
Boom clay is quite high compared with the s-wave velocity and the travel path
is rather short. Secondly, not all equipments include p-wave measurement.
The isotropic triaxial apparatus has not included the p-wave measurement.
Finally, the anisotropic triaxial apparatus can be used to measure the p-wave
velocity but it can only be performed in the vertical direction. Therefore in
this research, the decision is taken to focus only on the accurate measurement
of s-wave velocity, and not to pursue the measurement of p-wave velocity.
Shear wave velocity can be determined by either continuous vibration tor-
sional resonance or pulse excitation. Torsional resonance measurements are
carried out both in a resonant column test and a free torsion pendulum test.
The resonant column test is the most commonly used test for determining a
resonant frequency, s-wave velocity and shear modulus as simply explained in
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Figure 2.4: Errors in K and G in consequence of an erroneous assumption on
viscous coupling for a loose sand (−) and for a dense sand (−−) after Gajo &
Mongiov`ı (1994).
Kramer (1996). The free torsion pendulum test, also called Zeevaert test, is
used at the Laboratory of Geotechnics of Ghent University for determining a
resonant frequency in a similar way as the resonant column test. Details of
application of this apparatus to evaluate soil stiffnesses are published in Van
Impe (1977) and Storrer et al. (1986). Pulse excitation methods consists of two
techniques: shear plates and bender elements. Details of laboratory shear wave
techniques and attenuation measurements are reviewed in Bennell & Taylor-
Smith (1991). Therefore, apart from the bender element technique, they will
not be considered in this thesis. The bender element technique is firstly in-
troduced to soil testing by Shirley & Hampton (1978). This bender element
technique is applied in saturated soils by Dyvik & Madshus (1985). This paper
shows the comparison of the results of the initial shear moduli, Gmax, measured
using bender elements and resonant column as seen in Figure 2.5. These data
show that the ratio Gmax bender/Gmax RC is almost unity and confirm that
further scrutiny of the bender element technique is warranted. The details of
the bender element technique will be discussed in Chapter 3.
2.2.3 The rationalisation of static and dynamic methods
Until the mid of last decade, it was common to distinguish static and dynamic
stiffness values. For example, the shear modulus from conventional laboratory
tests (such as triaxial tests) was called “the static elastic modulus”, while the
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Figure 2.5: Comparison of Gmax results of the resonant column and bender
elements technique, after Dyvik & Madshus (1985).
shear modulus from wave propagation tests was often called “the dynamic elas-
tic modulus”. Recently, it becomes possible in several leading soil mechanical
laboratories to reliably measure strains in a range less than 10−3 %. In tri-
axial tests, local measurement of deformation on the sample has become the
standard method to reliably obtain strains at very small strain levels less than
10−4 % as shown in Tatsuoka et al. (1990), Hoque et al. (1997) and Cuccovillo
& Coop (1997). Within these levels, the local strain data is consistent to ben-
der elements results. Woods (1991) and Tatsuoka & Shibuya (1991) pointed
out that it is not necessary to distinguish between statically and dynamically
measured elastic stiffness values when they are measured under the same con-
ditions. Possible difference between the static and dynamic test results can be
attributed to difference in the strain rate. Figure 2.6 shows a summary of data
showing the rate effects on Young’s modulus Ev defined at small strains of the
order of 10−3 % as explained in Tatsuoka et al. (1999a) and Tatsuoka et al.
(1999b). It is seen that these values of Ev are rather insensitive to change in
the strain rate, particular at higher strain rates similar to those in dynamic
tests. It is also true that with relatively soft geomaterials, as the strain rate
becomes very low, the stress-strain relationship at strains less than 10−3 %
becomes noticeably non-linear and strain rate dependent. In such cases, the
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Figure 2.6: Relationship between the elastic Young’s modulus Ev and the strain
rate after Tatsuoka et al. (2001).
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small strain stiffness, defined for a strain of 10−3 %, that is measured by a
static loading test performed at a relately low strain rate could be smaller
than the dynamically measured value. However, Massarsch (2000) found that
the seismic field test can be used to determine stress-strain properties of soils
and rocks. The loading rate corresponds to that of conventional geotechnical
small-strain tests as shown in Figure 2.7. Thus, the main reason for differences
between “static” and “dynamic” soil moduli is not the difference in the loading
rate but in the mobilized strain level. Therefore, the following can be concluded
with geomaterials that are sufficiently homogeneous as shown in Tatsuoka et al.
(2001):
• There is no reason to define separately dynamic and static elastic modulus
values if measured under the same conditions.
• When the strain rate and strain level are both similar for a set of compara-
tive tests, the stiffness values from the dynamic and static tests performed
under the same conditions at strains less than about 10−3 % should be
similar.
Massarsch (2004) confirmed that the results of a dynamic test and a static
test can be used to establish the stress-strain curve, as they are determined at
the same strain rate.
Figure 2.7: Typical values of loading rate for different geotechnical and geo-
physical investigation methods after Massarsch (2000).
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2.3 Anisotropy of soils
2.3.1 Anisotropy in geophysics
Over the past few decades, a number of studies on wave propagation for un-
derstanding of anisotropy have been published in geophysical literature. Ob-
servations of the propagation of seismic waves reveal anisotropy in the ground.
These studies have relevance with anisotropy of clay soils. Bamford & Crampin
(1977) described the seismic anisotropy which consists of two groups: the
oceanic anisotropy and the continental anisotropy. The study of upper-mantle
anisotropy in the oceans offers the possibility of examining different geody-
namic process, and should therefore play a crucial role in testing and devel-
oping the various hypotheses regarding the generation of new lithosphere at
spreading centres and the motion of plates. The oceanic anisotropy is impor-
tant to petrologists explaining the oceanic anisotropy by means of reasonable
petrological models. Studies of the continental anisotropy in the continen-
tal upper mantle have been retarded by the difficulty of making observations
through a thick, inhomogeneous continent crust. Crampin (1977) studied the
effects of anisotropic layering on the propagation of seismic waves and found
that the propagation of both body and surface waves in anisotropic media is
different from their propagation in isotropic media. Crampin (1981) indicates:
anisotropy is a rather common phenomenon, and may be caused by a variety of
mechanism including crystal alignments, lithological alignments, stress-induced
effects, regular sequences of fine layers, aligned cracks and other two-phase con-
figurations. These mechanisms may cause effective anisotropy in the earth and
in many man-made structures.
Anisotropy can be divided in two types as explained in Agust´ın (1999);
the first type has a symmetry with the principal axis in the vertical direction
(cross-anisotropy or transverse isotropy) and is due to stratifications or hori-
zontal alignments of structural nature. The second type is due to preferential
alignments of crystals, cracks or heterogeneities along a particular azimuth
(azimuthal anisotropy).
2.3.2 Anisotropic elasticity
Study of anisotropy is most easily carried out within a framework of elasticity.
Within this linear elastic region, the relationship between stress and strain is
given by Hooke (1675). For a three-dimensional state of stress within the linear
elastic range with axes x and y horizontal and z vertical, each of the six stress
components (three normal stress components σxx, σyy, and σzz and three shear
stress components τyz, τzx, and τxy) is expressed as a linear function of the six
components of strain, and vice versa. These relations are expressed in the
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generalized Hooke’s law for an anisotropic elastic material as follow:

ǫxx
ǫyy
ǫzz
γyz
γzx
γxy


=


a11 a12 a13 a14 a15 a16
a21 a22 a23 a24 a25 a26
a31 a32 a33 a34 a35 a36
a41 a42 a43 a44 a45 a46
a51 a52 a53 a54 a55 a56
a61 a62 a63 a64 a65 a66


·


σxx
σyy
σzz
τyz
τzx
τxy


(2.3)
For the above matrix equations, strains are related to stresses through a matrix
of 36 constants aij . Note that in a homogeneous body, each of these 36 com-
ponents has the identical value in all directions at any point. However, it can
be shown that conservative materials possess a strain energy density function
and as a result, the stiffness and compliance matrices are symmetric given by
Equation 2.4.
aij = aji (2.4)
Therefore, only 21 stiffness and compliance components are actually indepen-
dent in Hooke’s law.
Crampin (1981) summarised the elastic tensors of the six most symmetric
anisotropic symmetry-systems as shown in Figure 2.8. These matrices show
increasing degrees of anisotropy from the isotropic system, with two constants,
to monoclinic anisotropy, which consist of 13 constants. What is interesting
here is the elastic tensor of hexagonal anisotropy, which is now known as cross-
anisotropy. The cross-anisotropy is the most prevalent type of anisotropy in
soils due to the manner in which soils are deposited. Most soils have anisotropy
imposed through the processes by which they are formed. Gravity influences
soil formations and the vertical direction consequently retains importance with
the variation of properties reflecting this vertical significance. It has the same
elastic parameters in horizontal direction but different from the vertical direc-
tion.
2.3.3 The implication of anisotropy to the measurement
of the shear stiffness in the small strain range
Cross-anisotropy, also called transverse isotropy, consists of five independent
elastic parameters. These parameters are shown in the compliance matrix given
by Crampin (1981). The relationship between strain and stress is expressed in
Equation 2.5.

ǫxx
ǫyy
ǫzz
γyz
γzx
γxy


=


a b c . . .
b a c . . .
c c d . . .
. . . e . .
. . . . e .
. . . . . x


·


σxx
σyy
σzz
τyz
τzx
τxy


(2.5)
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Figure 2.8: The elastic stiffness matrices of the six most anisotropic symmetry
systems referred to their principal axes after Crampin (1981).
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In this equation, strain and stress components are referred to Cartesian axes
with x and y horizontal and z vertical axes. a, b, c, d and e are five independent
elastic parameter while x = (a − b)/2. In cross-anisotropy, properties are the
same in horizontal direction and different in vertical direction, the subscript
“h” will be used for all horizontal parameters and the subscript “v” will be
used for all vertical parameters.
The relationship between strain and stress for a material with a single ver-
tical axis of symmetry is described in Equation 2.6:


ǫxx
ǫyy
ǫzz
γyz
γzx
γxy


=


1
Eh
−νhh
Eh
−νvh
Ev
. . .
−νhh
Eh
1
Eh
−νvh
Ev
. . .
−νhv
Eh
−νhv
Eh
1
Ev
. . .
. . . 1Ghv . .
. . . . 1Ghv .
. . . . . 1Ghh


·


σxx
σyy
σzz
τyz
τzx
τxy


(2.6)
where the stress increments and strain increments are referred to rectangular
Cartesian axes, with the z-axis vertical. This enables to distinguish between
horizontal directions, but shows the material properties to be the same in both
horizontal directions. The seven elastic parameters shown in Equation 2.6 are
defined as follows:
Ev = Young’s modulus in the vertical direction
Eh = Young’s modulus in the horizontal direction
νvh= Poisson’s ratio for horizontal strain due to vertical stress
νhv= Poisson’s ratio for vertical strain due to horizontal stress
νhh= Poisson’s ratio for horizontal strain due to horizontal strain at right angles
Ghv = Shear modulus in the vertical plane (also written as Gvh)
Ghh = Shear modulus in the horizontal plane
All parameters relate to effective stresses and the use of subscripts follows that
adopted by Pickering (1970).
However, not all of these seven parameters are independent. Because the
horizontal plane is a plane of isotropy, the term Ghh is a dependent parameter
related to Eh and νhh as shown in Equation 2.7:
Ghh =
Eh
2(1 + νhh)
(2.7)
For an elastic material, there is a thermodynamic requirement that the com-
pliance matrix must be symmetric (Love (1927)). Therefore parameters in the
third row and the third column of Equation 2.6 can be equated, giving
νhv
Eh
=
νvh
Ev
(2.8)
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Thus a full description of a cross-anisotropic elastic material requires five
independent parameters Ev, Eh, νvh, νhh, and Ghv as shown in Equation 2.9:

ǫxx
ǫyy
ǫzz
γyz
γzx
γxy


=


1
Eh
−νhh
Eh
−νvh
Ev
. . .
−νhh
Eh
1
Eh
−νvh
Ev
. . .
−νvh
Ev
−νvh
Ev
1
Ev
. . .
. . . 1Ghv . .
. . . . 1Ghv .
. . . . . 2(1+νhh)Eh


·


σxx
σyy
σzz
τyz
τzx
τxy


(2.9)
Although all five parameters are independent, there are bonds to the values
that they can take, because of the thermodynamic requirement that strain
energy should be positive in an elastic material. Pickering (1970) has shown
that Ev, Eh and Ghv must all be positive, and that −1 < νhh < 1. He also
showed that Ev, Eh, νvh and νhh must satisfy an inequality which is equivalent
to an expression given by Raymond (1970). Both may be expressed more
conveniently as:
Ev
Eh
(1− νhh)− 2ν
2
hh ≥ 0 (2.10)
Raymond (1970) also showed that Ghv is bounded by the expression:
Ghv ≤
Ev
2νvh(1 + νhh) + 2
√
(Ev/Eh)(1− ν2hh)[1− (Eh/Ev)ν
2
vh]
(2.11)
Crampin (1981) described many different types of axisymmetric anisotropy,
ranging from cubic (three parameters) through hexagonal (five parameters),
tetragonal (six parameters), and orthorhombic (nine parameters). Boom clay
does not possess cubic anisotropy, with Ghv = Ghh, because the measured elas-
tic moduli are significantly different as seen in Chapter 5. Nor does it posses
tetragonal anisotropy where Ghh as an independent parameter would not valid
Equation 2.7. There is no direct evidence either for or against this as a more
correct model. Thus adoption of a five-parameter cross-anisotropy (hexagonal
anisotropy) to explore the behaviour is, strictly speaking an assumption, al-
though one commonly made and to our opinion valid for reconstituted Boom
clay.
The assumption of axisymmetry may itself be a simplification particularly
if the in situ horizontal stresses show marked variations with direction in plan.
Also, significant layering of the soil may complicate the picture, leading to
Gvh 6= Ghv in the field. Such behaviour is probably due to non-homogeneity
rather than anisotropy and probably the case for the undisturbed Boom clay.
2.3.4 Investigating anisotropy using triaxial testing
Schofield & Wroth (1968) described that the stress variables in the triaxial
plane consists of the mean effective stress, p′, and the deviatoric stress, q.
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They are related to the vertical effective stress, σ′v, and the horizontal effective
stress, σ′h, by:[
p′
q
]
=
[
1/3 2/3
1 −1
]
·
[
σ′v
σ′h
]
(2.12)
The corresponding strain variables are the volumetric strain, ǫp, and the distor-
tional strain, ǫq. They are related to the vertical strain, ǫv, and the horizontal
strain, ǫh, by:[
ǫp
ǫq
]
=
[
1 2
2/3 −2/3
]
·
[
ǫv
ǫh
]
(2.13)
2.3.5 Three parameter G′K ′J ′ formulation
Atkinson et al. (1990) proposed a constitutive equation where the small incre-
ments of stress and strain are considered as seen in Equation 2.14:[
δǫp
δǫq
]
=
[
1
K′
1
J ′qp
1
J ′pq
1
3G′
]
·
[
δp′
δq
]
(2.14)
where
K ′ = a bulk modulus
G′ = a shear modulus
J ′qp = a coupling modulus linking changes in deviatoric stress to changes in
volumetric strain
J ′pq = a coupling modulus linking changes in mean effective stress to changes
in distortional strain
Each parameter in Equation 2.14 can be evaluated separately by conducting
drained tests either at constant p′ or at constant q. For an elastic material the
compliance matrix must be symmetric, thus J ′qp = J
′
pq = J
′. For a material
that is also isotropic, there is no coupling between volumetric and distortional
behaviour, and the 1/J ′ terms are zero.
If a triaxial test is carried out on a cross-anisotropic soil, no shear stress
(τyz, τzx, τxy) can be applied and no engineering shear strains (γyz, γyx, γxy)
can be measured. Hence only the top left-hand corner of the compliance matrix
in Equation 2.9 can be investigated. For the conditions in the triaxial cell, δǫxx
= δǫyy =δǫh and σ
′
xx = σ
′
yy = σ
′
h. So Equation 2.9 can be simplified and
rewritten as:[
δǫv
δǫh
]
=
[ 1
Ev
−2νvh
Ev
−νvh
Ev
1−νhh
Eh
]
·
[
δσ′v
δσ′h
]
(2.15)
Pennington (1999) derived the G′K ′J ′ formulation making use of Equations
2.13 and 2.15. It can be shown that G′,K ′, J ′ parameters from Equation 2.14
can be expressed as:
G′ =
3
4[(1 + 2νvh)/Ev + (1− νhh)/2Eh]
(2.16)
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K ′ =
1
[(1− 4νvh)/Ev + 2(1− νhh)/Eh]
(2.17)
J ′ =
3
2[(1− νvh)/Ev − (1− νhh)/Eh]
(2.18)
It can be seen that G′,K ′, J ′ are each functions of all four independent elastic
parameters Ev, Eh, νvh and νhh that appear in Equation 2.15.
An alternative three-parameter formulation
So far, formulations involving triaxial stress and strain variables have been used
to obtain parameters describing anisotropy. However, if tests are performed
at constant σ′v and at σ
′
h Equation 2.15 yields explicit relationships between
the anisotropic parameters and the vertical and horizontal stresses and strains
measured in triaxial tests as clearly derived in Pennington (1999):
Ev =
(
δσ′v
δǫv
)
δσ′
h
=0
(2.19)
νvh = −
(
δǫh
δǫv
)
δσ′
h
=0
(2.20)
Fh =
Eh
1− νhh
=
(
δσ′h
δǫh
)
δσ′v=0
(2.21)
2νvh
1− νhh
= −
(
δǫv
δǫh
)
δσ′v=0
(2.22)
Inspection of Equations 2.16 to 2.18 for G′,K ′, J ′ in terms of Ev, Eh, νvh and
νhh shows that the parameter Eh and νhh always appear together in the same
combination. If we write:
Fh =
Eh
1− νhh
(2.23)
then the parameters Ev, νvh, Fh can be provided as a complete description of
the behaviour in a triaxial test as the parameters G′,K ′, J ′. This is demon-
strated by rewriting Equations 2.16 to 2.18 as:
G′ =
3EvFh
4Fh + 8νvhFh + 2Ev
(2.24)
K ′ =
EvFh
Fh − 4νvhFh + 2Ev
(2.25)
J ′ =
3EvFh
2Fh − 2νvhFh − 2Ev
(2.26)
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2.4 Previous studies on anisotropic stiffness of
clays
2.4.1 Laboratory exploration of the influence of stress-
volume soil state on G0(ij)
In the most general way, the initial shear modulus is presented as a function of
p′:
G0(ij)
pr
= Sij
(
p′
pr
)nij
(2.27)
where:
G0(ij) is an initial shear modulus
Sij and nij are non-dimensional soil parameters
p′ is a mean effective stress
pr is a reference pressure which, for convenience, has been taken as 1 kPa
Hardin & Blandford (1989) presented the possibility to express the depen-
dence of the initial shear modulus, G0(ij), on the current state of a clay by
means of the following relationship:
G0(ij) = Sij · F (e) · (OCR)
k · p(1−ni−nj)a · (σ
′
i)
ni · (σ′j)
nj (2.28)
where:
σ′i, σ
′
j = effective principal stresses acting on the plane in which G0 is mea-
sured; in the case of seismic body waves the i and j directions correspond to
propagation and particle motion directions, respectively
k = empirical exponent depending on the plasticity index PI of the clay
Sij = non dimensional material constant of a given soil reflecting also its fabric
ni, nj = empirical exponents
pa = atmospheric pressure (100 kPa)
F (e) = void ratio function
The void ratio function, F (e), is adopted according to Lo Presti (1989) and
Jamiolkowski et al. (1991).
F (e) = e−x (2.29)
where e is the void ratio. A x value of 1.30 is proposed more recently by Lo
Presti (1995). This void ratio function for the Boom clay will be defined in
Section 5.2.2.
Jamiolkowski et al. (1995) evaluated the constants for a number of Italian
clays and found that k = 0. Therefore, OCR is not an independent variable
and does not influence the magnitude of the small strain elastic shear modulus,
G0(ij). Parameters for six Italian clays are summarised as shown in Table 2.1.
The value n is the stress exponent assuming nv = nh = n. The properties of
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these six Italian clays are presented in the Table 2.2. In the same paper they
proposed a general equation for investigating G0(ij) of clay soils as follows:
G0(ij) = Sij · e
−x · p(1−ni−nj)a · (σ
′
i)
ni · (σ′j)
nj (2.30)
Therefore the multi-directional shear moduli, Gvh, Ghh and Ghv at very small
strains are expressed as follow:
Gvh = Svh · e
−x · p(1−nv−nh)a · (σ
′
v)
nv · (σ′h)
nh (2.31)
Ghh = Shh · e
−x · p(1−2nh)a · (σ
′
h)
nh · (σ′h)
nh (2.32)
Ghv = Shv · e
−x · p(1−nh−nv)a · (σ
′
h)
nh · (σ′v)
nv (2.33)
Figure 2.9: Multi-directional bender elements after Pennington et al. (1997).
Pennington et al. (1997) developed the multi-directional bender element
technique to measure shear waves in multi-directions, e.g. Vs(vh), Vs(vh)b, Vs(hv)
and Vs(hh), as seen in Figure 2.9 on reconstituted and natural Gault clays. Ta-
ble 2.3 shows parameters of both reconstituted and natural Gault clays. They
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Figure 2.10: Reconstituted Gault clay a) e versus p′; b) Gij versus p
′; c)
Gij/Ghv ratios after Pennington et al. (1997).
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Soil nv = nh x Svh
Fucino 0.20 1.52 640
Avezzano 0.23 1.27 810
Garigliano 0.29 1.11 560
Panigaglia 0.25 1.30 520
Pisa 0.22 1.43 640
Montalto 0.20 1.33 632
Table 2.1: Parameters of six Italian clays after Jamiolkowski et al. (1995).
assumed a void ratio function F (e) = e−1.30 following Lo Presti (1995) to eval-
uate the stress-induced anisotropy and found that the significant differences
in Shv, Shh, nv and nh between the reconstituted and natural material are
probably due to differences in fabric, ageing and chemical bonding. Figure
2.10 shows the measurement data under isotropic stress conditions of the re-
constituted Gault clay. The ratio of Gvh/Ghv is about 1.0 which shows the
homogeneity of the Gault clay and Ghh/Ghv is around 1.4 - 1.5 which reflects
the cross-anisotropy.
Site Geological Ip wLL e CF OCR
age [%] [%] [-] [%] [-]
Fucino Pleistocene 45-75 90-120 1.6-3.0 25-30 1.1-1.8
Avezzano Pleistocene 10-30 30-57 1.0-1.8 8-15 2.8-8.2
Garigliano Holocene 10-40 25-60 0.9-1.2 18-40 1.2-1.4
Panigaglia Holocene 44 71 1.4-1.8 40 1.0-1.1
Pisa Pleistocene 23-46 35-77 0.8-1.8 30-70 1.5-2.0
Montalto Pleistocene 15-34 40-57 0.6-0.8 30-45 1.8-2.5
Table 2.2: Properties of Italian clays after Jamiolkowski et al. (1995).
Test Shv Shh nv nh
Reconstituted isotropic Gault clay 3.4 5.4 0.30 0.28
Reconstituted anisotropic Gault clay 3.6 5.5 0.30 0.28
Natural Gault clay 16.8 25.4 0.16 0.18
Table 2.3: Anisotropic stiffness constants from triaxial bender tests after Pen-
nington et al. (1997).
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Rampello et al. (1997) rewrote Equation 2.28 in terms of the stress invari-
ants for axi-symmetric conditions as follows:
G0(ij)
pr
= Sij ·F(e)·(OCR)
k ·
(
p′
pr
)
· βn/2 (2.34)
where β =
[
1 + (η/3)− (2η2/9)
]
is a function of the stress ratio η = q/p′
with q = (σ′v − σ
′
h) and p
′ = (σ′v + 2σ
′
h)/3. Equation 2.34 predicts higher
values of G0 under anisotropic stresses than isotropic stresses because under
anisotropic stresses β > 1. Figure 2.11 shows the constant-η stress paths on
a reconstituted Vallericca clay and Figure 2.12 presents a typical sequence of
compression states in these tests. With these tests, they could investigate the
effect of overconsolidation. Figure 2.13 shows that G0 increases with increasing
mean effective stress and decreasing specific volume and at the same mean
effective stress, G0 increases with increasing overconsolidation ratio. Figure
2.14 reports that the G0 increases with increasing stress ratio.
Figure 2.11: Constant-η stress paths applied to the reconstituted Vallericca
clay after Rampello et al. (1997).
The definitions of the inherent, strain- and stress-induced anisotropy are
clearly explained in Jovicˇic´ & Coop (1998). The term inherent is used for the
anisotropy of natural clays. The term strain-induced is used for reconstituted
samples. The term stress-induced is used for current magnitudes of the effective
stresses. They measured the anisotropic stiffness in kaolin, reconstituted and
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Figure 2.12: Typical sequence of compression states in Rampello et al. (1997).
natural London clays using a triaxial apparatus with bender element tests.
Figure 2.15 shows the stress-induced anisotropic results on both OC and NC
reconstituted London clay samples subjecting to isotropic stresses, again G0
increases with increasing mean effective stress. Figure 2.16 shows the strain-
induced anisotropic data of OC reconstituted London clay in the ratio Ghh/Ghv
of about 1.5 which means the OC reconstituted London clay has higher stiffness
in the horizontal than the vertical direction. This test is very interesting since
it can be used to estimate the in-situ preconsolidation pressure, σ′vc, of about
1500 kPa.
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Figure 2.13: Results of the reconstituted Vallericca clay a) G0 against p
′; b)
G0 against specific volume after Rampello et al. (1997).
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Figure 2.14: Results of the reconstituted Vallericca clay G0 against p
′ under
constant-η paths a) batch 1; b) Batch 2 after Rampello et al. (1997).
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Figure 2.15: Stress-induced anisotropy of reconstituted London clay after
Jovicˇic´ & Coop (1998).
Figure 2.16: Strain-induced anisotropy of reconstituted London clay after
Jovicˇic´ & Coop (1998).
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2.4.2 Laboratory derived parameters for constitutive
models
It is interesting to study the cross-anisotropy of clays. However, there is still rel-
atively little research on the influence of anisotropy on the static and dynamic
behaviour of clay soils. Cross-anisotropy consists of five elastic independent
parameters such as Ev, νvh, Ghv, Eh and νhh as seen in Equation 2.9. These
parameters can be obtained performing multi-directional bender element tests
and triaxial test with MMSPE shearing at very small strains (about 10−3%)
where the behaviour of soil is assumed to be elastic. Pennington (1999) and
Lings et al. (2000) merged the anisotropic triaxial small strain MMSPE test-
ing data with multi-directional bender element results and evaluated the five
independent elastic parameters of cross-anisotropy for the reconstituted Gault
clay as will be done in this research. The MMSPE programming consists of
four excursions:
I
II
III
IV
VVI
VII
VIII
q
p'
Figure 2.17: Shearing with MMSPE.
constant σ′h excursion
The constant σ′h excursion is a traditional triaxial shearing by keeping the
horizontal effective stress constant (δσ′h = 0) and increasing or decreasing the
vertical effective stress (δσ′v=δσ). Figure 2.17 shows the constant σ
′
h excursion
in paths I and II. From these paths, the small strain elastic stiffnesses Ev and
νvh can be evaluated (see Equations 2.19 and 2.20).
• path I ; δσ′v=+δσ and δσ
′
h = 0
• path II; δσ′v=−δσ and δσ
′
h = 0
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constant σ′v excursion
The constant σ′v excursion is a triaxial shearing by keeping the vertical effective
stress constant (δσ′v = 0) and decreasing or increasing the horizontal effective
stress (δσ′h=δσ). Figure 2.17 shows the constant σ
′
v excursion in paths III and
IV. From these paths, the small strain elastic stiffness Fh can be found (see
Equations 2.21, 2.22 and 2.23).
• path III; δσ′v = 0 and δσ
′
h = +δσ
• path IV; δσ′v = 0 and δσ
′
h = −δσ
constant q excursion
The constant q excursion is a shearing by keeping the deviatoric effective stress
constant (δq = 0) and increasing or decreasing the mean effective stress (δp′ =
δσ). Figure 2.17 shows the constant q excursion in paths V and VI. From
these paths, the small strain elastic stiffnesses K ′ and J ′pq can be evaluated
(see Equation 2.14).
• path V; δσ′v = +δσ and δσ
′
h = +δσ
• path VI; δσ′v = −δσ and δσ
′
h = −δσ
constant p′ excursion
The constant p′ excursion is a shearing by keeping the mean effective stress
constant (δp′ = 0) and increasing or decreasing the deviatoric effective stress
(δq = δσ). Figure 2.17 shows the constant p′ excursion in paths VII and VIII.
From these paths, the small strain elastic stiffnesses G′ and J ′qp can be found
(see Equation 2.14).
• path VII; δσ′v = +2δσ and δσ
′
h = −δσ
• path VIII; δσ′v = −2δσ and δσ
′
h = +δσ
The triaxial small strain measurements with MMSPE shearing lead to val-
ues of Ev, νvh and Fh but are inadequate to evaluate the five independent elas-
tic parameters. So Ghv and Ghh are directly measured using horizontal bender
elements. Eh and νhh can be calculated from Ghh and Fh. Table 2.4 gives
the values of the five-independent elastic parameters for the cross-anisotropy
of Gault clay. In a similar way, the five independent elastic parameters for the
cross-anisotropy of Boom clay are obtained by:
• Anisotropic triaxial small strain tests with local strain measurement are
performed shearing with MMSPE method in order to evaluate the small
strain elastic stiffness parameters. In order to evaluate Ev and νvh, MM-
SPE shearing with constant σ′h (paths I and II) is performed. For investi-
gating Fh, MMSPE shearing with constant σ
′
v (paths III and IV) is per-
formed. Also the three parameters G′K ′J ′ formulation can be evaluated
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using MMSPE method. For evaluating K ′ and J ′pq, MMSPE shearing
with constant q (paths V and VI) is performed. For investigating G′ and
J ′qp MMSPE shearing with constant p
′ (paths VII and VIII) is performed.
Since the MMSPE test is performed in an elastic domain, so J ′qp=J
′
pq=J
′.
• Multi-directional bender element tests are performed in order to investi-
gate the elastic stiffness parameters Ghv and Ghh.
Using Ghh from multi-directional bender element tests and Fh from triaxial
tests with local strain measurements, Eh and νhh are possibly obtained through
Equations 2.35 and 2.36:
Eh =
4FhGhh
Fh + 2Ghh
(2.35)
νhh =
Fh − 2Ghh
Fh + 2Ghh
(2.36)
Therefore all five independent elastic parameters for the cross-anisotropy of
Boom clay can be evaluated. It should be noted that these five independent
elastic parameters should be determined at the same strain rate and strain
level.
Parameter Unit Test results
Ev [MPa] 550
Eh [MPa] 2186
νvh 0
νhh -0.041
Ghv [MPa] 507
Table 2.4: Anisotropic elastic parameters for Gault clay after Lings et al.
(2000).
Jardine et al. (2004) studied Bothkennar natural clay from a depth of 6 m.
combining small-strain static testing with multi-directional shear wave mea-
surements. Table 2.5 reports anisotropic stiffness parameters for Bothkennar
clay within the elastic range.
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Parameter Unit Test results
Ev [MPa] 40
Eh [MPa] 34.8
νvh 0.255
νhh 0.035
Ghv [MPa] 15.5
Table 2.5: Anisotropic elastic parameters for Bothkennar clay after Jardine
et al. (2004).
2.5 Summary
This chapter considers present developments in the use of the triaxial apparatus
to investigate the five independent elastic parameters of cross-anisotropy of
soils. In triaxial testing, the local strain sensors can accurately measured soil
stiffnesses within the very small strain region. At very small strains, the local
strain data and bender element results can be compared and used for evaluating
these independent parameters. Also an overview is given of previous studies
on the anisotropic stiffness and the anisotropic stress-strain behaviour of clays.
The next chapter will discuss the development and use of a high accuracy
triaxial facility with local strain sensors and the application of multi-directional
bender elements to measure shear moduli.
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Chapter 3
Testing equipment
3.1 Introduction
This chapter describes the testing equipment and the working principles such
as triaxial apparatuses, the local strain sensors and bender element devices. It
explains the laboratory infrastructure and the developed LABVIEW steering
and data acquisition software.
In this research, two prototypes of triaxial apparatuses are constructed for
measuring the shear wave velocity. Firstly, a conventional triaxial cell with
multi-directional bender elements and local strain devices offers the possibility
of consolidation under isotropic stress condition. A vertical loading and reload-
ing is also performed so G0 can be investigated out of the stress-strain mea-
surement and combined with the elastic wave propagation from bender element
tests. Secondly, a stress path cell also with multi-directional bender elements
and local strain devices, offers testing under anisotropic stress conditions (e.g.
K0- and K-consolidation). Mini stress path shearing can be performed in order
to determine the five independent elastic parameters for the cross-anisotropy.
As there are few researches on anisotropic small strain stiffness of clay, this
research focuses on the small strain behaviour of the Boom clay.
Local strain instrumentation is very important to obtain elastic moduli in
this small strain research. There are many sources of local strain instruments
based on a wide range of transducer types as summarised by Scholey et al.
(1995). The discussion about local strain instrumentation in this research con-
siders the choice of instruments and not the development of the local strain
devices itself. So, the Hall effect local strain transducers are used for this
small strain stiffness measurements. The working principle of the Hall effect
transducer is clearly described in Clayton et al. (1989).
Bender elements can be introduced in many applications in soil testing
such as triaxial apparatus, direct simple shear test, oedometer test, resonant
columns and etc. Due to the fact that the bender elements test is not a destruc-
tive test, it can be combined with other types of tests. Within the framework
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of this research, a new horizontal bender element technique will be used to
measure horizontal shear moduli (e.g. Ghv and Ghh). The new bender ele-
ment technique, which is different from Pennington et al. (2001), uses friction
in order to generate shear waves as explained in details in Fioravante (2000)
and Fioravante & Capoferri (2001). This new bender element technique of-
fers the possibility to obtained multi-directional shear moduli in the same soil
sample. A success in this research is the application of bender elements in
multi-directions offering the reliable simultaneous exploration of Gvh, Ghv and
Ghh in triaxial testing.
3.2 Triaxial testing facility with local strain
measurement capability
3.2.1 Isotropic triaxial apparatus
The isotropic triaxial apparatus has been described in details by Bishop &
Henkel (1957) in their standard text on triaxial testing of soils. In the triaxial
test, a cylindrical soil specimen, usually with a length to diameter ratio of two,
is subjected to either controlled increases in axial stresses or axial displace-
ments and radial stresses. In this research, the triaxial cell accommodates a
soil specimen of 50 mm in diameter and 100 mm in height or 38 mm in diam-
eter and 90 mm in height. However, only the specimen with 50 mm diameter
can be mounted with local strain devices. The isotropic cell consists of three
main parts, namely a cell base, a top platen assembly and a removable Perspex
cylinder. The cell base consists of a pedestal for the setup of the soil sample
and three water passages; one is a cell water line and the other two are drainage
lines. These drainage lines are linked to the top and the bottom of the soil spec-
imen and connected to a burette or a GDS digital pressure/volume controller
to measure the volume change during consolidation. The pedestal and the top
platen assembly are mounted with bender element sensors. The details of using
bender element in triaxial cell are clearly described by Brignoli et al. (1996).
Figure 3.1 illustrates the isotropic triaxial cell with bender elements. This ben-
der element is mounted in the pedestal platen as seen in Figure 3.2. The shear
wave velocities are measured after the consolidation phase. The desired stress
conditions are imposed on the soil specimen by pressure distribution panels or
GDS digital pressure/volume controllers. The local strain devices are mounted
at the specimen mid height (see Section 3.2.5).
3.2. TRIAXIAL SMALL STRAIN TESTING 37
H
Bender elements
Drainage and back pressure lines
Confining pressure
Water
Soil specimen
Loading piston
Figure 3.1: Isotropic triaxial apparatus with bender elements.
Figure 3.2: Base pedestal with bender element in the isotropic triaxial appa-
ratus after Brignoli et al. (1996).
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3.2.2 Anisotropic triaxial apparatus
Since three decades a stress path cell has been developed and is well described
by Bishop & Wesley (1975). An advantage of this cell is that vertical and radial
stress changes can be separated offering the possibility to perform anisotropic
triaxial tests under K0- or K-conditions and shear the sample with many stress
paths in both stress controlled or strain controlled. This cell is illustrated in
Figure 3.3. The upper part is similar to a conventional triaxial cell except
that the vertical load in a compression test is applied by moving the sample
pedestal upwards from below and pushing the top cap against a rod. The
pedestal is mounted at the top of the loading ram, at the bottom end is a
piston and a pressure chamber. Bellofram rolling seals are used to retain the
cell fluid and the ram moves up and down in a linear motion bearing. The
axial load is applied to the sample by increasing the pressure in the bottom
pressure chamber. The internal load cell can measure directly the axial load
on the specimen. The loading ram has a cross-arm attached which moves up
and down in wide slots in a spacer which connects the bearing housing to the
lower pressure chamber. The cross-arm deflect the LVDT mounted at the side
of the cell base. The transducer records the vertical movement of the ram from
which the triaxial strain in the sample is determined. The arrangement makes
the setting up of the soil specimen easy, the apparatus itself is self-contained,
requires no loading frame and is portable. It is equally well suited to both
stress controlled and strain controlled loading in axial compression and axial
extension following a wide range of stress paths. In the framework of this
research pedestal and top cap are adjusted to include the bender elements as
described in Section 3.2.1.
A computer-controlled hydraulic triaxial stress path cell is designed and
used to control and perform the anisotropic test in this research study, as de-
scribed in Menzies (1988). A LABVIEW program is written to control this cell.
The details of controlling the stress path cell in the Laboratory of Geotechnics
are described in Herna´n (2001). The system is based on the classic Bishop and
Wesley type stress path triaxial cell with GDS digital pressure/volume con-
trollers. Three of these pressure controllers connect the computer to the stress
path cell as follows and shown in the schematic design in Figure 3.4.
• one for axial stress and axial displacement control.
• one for cell pressure control.
• one for setting back pressure and measuring volume change.
The controllers regulate accurately both pressure and volume change of de-
aired water supplied to the triaxial stress path cell for changing axial load or
axial deformation, cell pressure and back pressure. The digital controller is
a microprocessor controlled hydraulic actuator for the precise regulation and
measurement of liquid pressure and liquid volume change. The volume capac-
ity is 200 cm3 and the pressure range is 0 to 2 MPa. The resolution of pressure
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Figure 3.3: Schematic diagram of Stress Path Cell by Bishop & Wesley (1975).
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Axial Pressure/Volume
Back Pressure/Volume
Cell Pressure/Volume
Serial Acquistion
External strain transducer
   Vertical force transducer
Stress Path Cell
  Local strain sensors
Comm (serial) port
Digital controllers
Figure 3.4: Schematic of the system.
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control is 0.5 kPa, the resolution of pressure measurement is 0.2 kPa and the
resolution of volume change measurement is 0.5 mm3. The principles of oper-
ation are shown in the schematic diagram in Figure 3.5. De-aired water in a
cylinder is pressured and displaced by a piston moving in the cylinder. The
piston is actuated by a ball screw turned in a captive ball nut by a stepping mo-
tor and gear box that move rectilinear on a ball slide. Pressure is detected by
means of an integral on-board solid state pressure transducer. Volume change
is measured by counting the steps of the stepping motor. Knowing the number
of steps per revolution of the motor, the gearbox ratio and the pitch of the ball
screw, the bore of the pressure cylinder may be found such that one step of the
motor equals 1 mm3. In computer control mode, the controller is a computer
peripheral via the standard IEEE-488 computer interface.
In this research an internal load cell is introduced to the stress path cell. The
internal load cell, with a capacity of 8 kN and negligible response to cell pressure
changes, can measure the axial stress directly on top of the specimen inside the
anisotropic cell. Also a LVDT monitors externally the vertical deformation
while pore pressure is measured by the back-pressure controller. The Hall
effect local strain transducers are introduced and measure locally the vertical
and horizontal deformation on the specimen. These digital controllers, LVDT,
the Hall effect local strain transducers and the internal load cell are connected
to the data acquisition card in the computer as shown in Figure 3.4.
Linear bearing Deaired waterAir
Stepper motor 
and gearbox Ballscrew Piston
Digital 
control 
circuit
Analogue feedback
Remote 
transducer Pressure 
outlet
+steps
Pressure 
transducer
Figure 3.5: GDS digital controller.
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3.2.3 Laboratory support infrastructure
The previous sections described the triaxial work-station. To support this
work-station, a reliable laboratory infrastructure is provided. Three essential
utilities are considered:
Purified and de-aired water
The water used in the laboratory is provided by the PURELAB Option-R
equipment. It uses multiple purification technologies to produce general labo-
ratory water, better than single-distilled water. Figure 3.6 shows the process
flow of water. The water is processed and treated as follows:
• Water enters through a strainer and inlet solenoid valve, and passes
through the pre-treatment cartridge which has been designed to pro-
tect the reverse osmosis cartridges from particulate/colloidal matter and
excessive free chlorine, which may be present in the feedwater.
• Then the water passes through the sanitization port and passes two times
through the reverse osmosis cartridges, which split the flow into permeate
and concentrate streams. The permeate water is further purified while
the waste concentrate stream is drained out of the system.
• The permeate water passes through a water quality sensor which measures
the conductivity of water.
• This water is passed through the UV chamber where it is exposed to
intense UV radiation to provide continuous bacterial control by photo
oxidation and to promote the cleavage of organic molecules.
• The partially purified water is passed through the ion exchange cartridge
which removes dissolved ionic impurities from the permeate water.
• Finally, the water is passed through a water quality sensor, which mea-
sures the resistivity of the water, and a temperature sensor, which pro-
vides accurate temperature measurement.
After treatment, water is purified and considered as type II in D1193-99e1 of
ASTM.
In order to reduce the errors in the measurement of sample volume changes
and pore water pressure changes caused by air in the triaxial system, de-aired
water must be used in the tests. The purified water is subjected to vacuum as
shown in Figure 3.7. De-aired water is continually circulated by pumping until
no more bubbles are observed.
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Figure 3.6: Process flow of PURELAB Option-R.
Electricity supply
An un-interruptible power supply (UPS) is used for all laboratory electricity
for computer, GDS digital controllers and data logging to ensure a continuity
of the test even if there is an unexpected electrical interruption.
Compressed air
Failure in air supply can lead to a significant problem. The isotropic triaxial
tests use pressure distribution panels. If there is a failure in the air supply
system, the pressure will drop and may destroy the sample. However, the
laboratory provides a system of two air compressors, an air tank with pressure
of 13.5 bar and a compressed air dryer for removing some water out of the
compressed air. This system can solve the problem of dropping pressure since
it keeps the pressure in the air tank for some time.
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Figure 3.7: Schematic layout of a continue circulation system for supplying
de-aired water.
3.2.4 LABVIEW Program development for stress and
small strain control
The LABVIEW program in use at the start of the project needed to be up-
graded. This LABVIEW program used for anisotropic stress control in the
stress path cell was programmed by Herna´n (2001). However, this program
needed to be upgraded for the reading of the Hall effect sensors and the in-
ternal load cell. Also it has to be modified for K−, K0− consolidation and
MMSPE shearing. The new updated software offers local strain measurements
and shearing with mini-stress path in order to investigate the five independent
elastic parameters for the cross-anisotropy. To ensure the vertical stress, the
internal load cell is installed. Data are automatically logged to a hard disk
of the personal computer. These data are collected as a series of voltages for
each logged data channel. The measured values are obtained by data files in
conjunction with the calibration files suitable for the transducers in use. Cell
pressure, back pressure and axial pressure are controlled through GDS pres-
sure/volume digital controllers. These GDS controllers include a computer
interface conform to the IEEE-488 communication standard. The user has the
possibility of writing programs to control and monitor their functions. The
details of these GDS digital controllers are shown in Section 3.2.2.
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K0-consolidation
In some cases, it is important to carry out triaxial tests under conditions of
zero lateral strain. These tests are known as K0-consolidation. The K0 triaxial
test consolidates a saturated soil sample at zero horizontal strain keeping the
cross-sectional area constant. The horizontal deformation of the sample should
remain in the range of ±1 µm. The volume change in the porewater duct must
always be the same as the value of the axial deformation times the original
cross-sectional area. This test begins without an excess pore pressure and
no development of the excess pore pressure during the test is allowed. The
method for K0-consolidation triaxial compression tests and extension tests is
clearly explained in the Japanese Geotechnical Standard 0525-2000 and 0526-
2000. It should be noted that this method can only be used with saturated
soils.
Figure 3.8 shows the flowchart of the programmed K0-consolidation pro-
cedure. Under conditions that the soil sample must be saturated and the
cross-sectional area constant, a water volume equal to the volume change of
the sample is extracted at the same rate of axial deformation. The test is per-
formed with an axial deformation rate of 0.1 mm/hour. During this increase of
axial deformation, the horizontal deformation is measured and kept constant
by adjusting the radial stress. In case the horizontal deformation increases,
the radial stress is also increased in steps of 2 kPa in order to keep the cross-
sectional area of the soil sample constant. In opposite way, if the horizontal
deformation decreases, the radial stress is decreased at the same rate of 2 kPa.
The test will automatically stop when the target effective vertical stress, σ′v, is
reached.
Figure 3.10 presents the K0 value of the reconstituted Boom clay under
K0-consolidation condition. A value of 0.601 is calculated from the slope of the
σ′h versus σ
′
v graph. Using Jaky’s formula, a drained friction angle of 23.5
◦ is
calculated. In the same way, Figure 3.11 presents the data on a reconstituted
Kaolinite clay. The K0 value of 0.67 and friction angle of 19.3
◦ are found. Both
friction angles for the reconstituted Boom clay and the reconstituted Kaolinite
clay are laying in the range of typical values for soft clays 20-25◦.
Mayne & Kulhawy (1982) proposed an empirical relationship between KOC0
and OCR as seen in Equation 3.1.
KOC0 = K
NC
0 · (OCR)
sinφ′ (3.1)
where KOC0 is a K0 value of an overconsolidated soil, K
NC
0 is a K0 value of the
normally consolidated soil, OCR is the overconsolidation ratio and φ′ is angle
of internal friction.
At a depth of 8.0 m, the OCR value out of DMT results (Figure 4.10) at
the Boom clay site is 22.6 and the angle of internal friction, φ′, is 28o. The
KNC0 of 0.601 is obtained from Figure 3.10. Therefore, the K
OC
0 of 2.6 is
calculated from Equation 3.1. Karl (2005) showed a K0 value at a depth of
8.0 m in Sint-Katelijn-Waver of 2.3. So, we come to the conclusion to apply
a K-consolidation with K = 2.0 to all samples in the anisotropic triaxial tests
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Figure 3.8: K0-consolidation flow-
chart.
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for comparison reasons. The LABVIEW programming for K-consolidation will
be discussed in the next section.
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Figure 3.10: K0-consolidation of a reconstituted Boom clay.
K-consolidation
This programming modifies the K-consolidation LABVIEW program written
by Herna´n (2001) including the local strain measurement reading and the in-
ner load cell reading. Figure 3.9 shows the K-consolidation procedure. After
the sample installation, first the sample will be subjected to an anisotropic
condition in agreement with the input K value. Then the sample will be con-
solidated applying the increment of vertical and horizontal stresses with a rate
of 1 kPa/hour. At the final vertical effective stress, the K-consolidation pro-
cedure will be automatically stopped. To ensure that the sample is completely
consolidated, the readings of volume change and local strain measurements are
continued until no change occurs any more.
MMSPE
The MMSPE programming modifies the stress path loading program written
by Herna´n (2001) including the local strain measurement reading and the inner
load cell reading, allows the possibility to shear a soil sample in the anisotropic
triaxial testing at any stress conditions in many paths as shown in Figure 2.17.
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Figure 3.11: K0-consolidation of a reconstituted Kaolinite clay.
The variations of the deviatoric stress of about 20 kPa which will not disturb
the soil sample that much. Details of shearing with MMSPE method are clearly
described in Section 2.4.2.
3.2.5 Local strain instrumentation
At the Laboratory of Geotechnics, the research on soil parameters at small
strain was initiated by De Saedeleer (2001). His research compared the shear
modulus both from local strain measurements and vertical bender element tests
under isotropic stress condition. The importance of using local strain devices
is addressed. It is a fact that there are many sources of errors from an external
axial deformation measurement in conventional triaxial test as shown in Table
3.1. Figure 3.12 depicts sources of errors due to external strain measurement.
Therefore, this research decides to use the available Hall effect sensors in order
to measure small strains of soil samples.
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Sources of errors in conventional triaxial test
Seating errors Ram or internal load cell and topcap
Topcap and porous stone
Alignment errors Porous stones of nonuniform thickness
Nonhorizontality of platen surfaces
Tilt of specimen
Bedding errors Caused by surface irregularities and poor fit
at the interface between sample and porous stone
Compliance errors The tie bars extend and cause relative displacement
of the top of the cell with respect to the piston
The internal load cell deflects
The lubricant is compressed in systems using
lubricated ends
The porous paper is compressed
Table 3.1: Sources of errors in conventional triaxial test after Baldi et al. (1988).
Figure 3.12: Sources of errors in conventional triaxial test after Baldi et al.
(1988).
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Hall effect principle
The local strain measuring instrument is based on the Hall effect. The prin-
ciple of this Hall effect is that if an electric current flows through a conductor
in a magnetic field, where flux lines are directed perpendicularly to both the
conductor and the current flow, the charge carriers will be deflected so that a
voltage is produced across the conductor in a direction normal to the current
flow. This voltage is called the Hall voltage after Hall who discovered it in
1879. Figure 3.13 shows the Hall effect semiconductor. These semiconductors
are small, light and compensated against changes in ambient temperature and
DC voltage supply. The magnitude of the output voltage is a function of the
flux density and varies depending upon the relative position of the semicon-
ductor sensor within the magnetic field. Hall effect semiconductors are used
as switches and to measure flux density. Linear Hall effect sensors are usually
DC voltages energized. The DC 10 V produces output voltages of 4 to 6 V. A
system of permanent magnets can be configured so that a linear relationship
between output voltage and relative displacement of the semiconductor sensor
is obtained over a specified range.
Figure 3.14 shows basic configurations of the sensor/magnet system used to
produce a displacement sensor. There are four basic configurations of sensor
and magnet that have been used in geotechnical instrumentation. Typical out-
put voltage/displacement characteristics of head-on and slide-by configuration
are shown in Figure 3.15 and 3.16. For the head-on configuration, the resulting
voltage/displacement relationship is strongly nonlinear. For the various slide-
by configurations b, c and d, this system can produce an output that has a
portion with good linearity with respect to displacement.
Figure 3.13: Hall effect semiconductor after Clayton & Khatrush (1986).
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Figure 3.14: Basic configurations of sensor/magnet system: (a) single magnet,
head on, (b) double magnet, bi-polar slide-by, (c) single magnet, bi-polar slide-
by, with pole pieces, and (d) tandem double magnet bi-polar slide-by after
Clayton et al. (1989).
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Figure 3.15: Typical calibration char-
acteristics of Head-on after Clayton
et al. (1989).
Figure 3.16: Typical calibration char-
acteristics of Slide-by after Clayton
et al. (1989).
Local strain measuring instrument
In this research, three sets of GDS hall effect local strain devices for 5 cm in
diameter soil specimens are used to obtain the deformation in the small and
intermediate strain region using designs similar to those described in detail by
Clayton et al. (1989). The axial and radial local strain devices are shown in
Figure 3.17. There are two axial and one radial local strain transducers.
Figure 3.17: Radial and axial hall effect local strain devices.
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Radial small strain measuring devices
Hall effect sensor
Pads
Magnet
Springs
Ø 50 mm
Figure 3.18: Radial small strain measuring device.
The Hall effect principle is used for radial strains measurement on the cen-
tral section of the 50 mm diameter soil specimens. The device comprises a
caliper similar to that originally designed by Bishop & Henkel (1957) but with
the original mercury indicator column replaced by a slide-by configuration as
shown in Figure 3.16. This type of caliper has been used for many years to
indicate lateral deformation in the triaxial test. Figure 3.18 shows the design of
the device. Two 3- by 3-mm magnets, 6 mm long, separated by a 3-mm-thick
polytetrafluoroethylene (PTFE) spacer are mounted within a magnet holding
block, which can be adjusted with respect to the Hall effect sensor by use of
the screws at either end of the assembly. The Hall effect sensor is encapsulated
in epoxy resin, within a brass container and is attached to the other arm of
the caliper. The gap between the magnets and the face of the semiconductor
is maintained constant, at approximately 1 mm, partly by the PTFE block
separating the two magnets and partly by a 0.5 mm thick PTFE strip covering
the surface of the semiconductor. The two parts of the device are maintained
in contact because of the use of uneven spring forces at the caliper hinge. The
caliper is mounted on the specimen by means of two diametrically opposed pads
fixed to the test specimen by pins and bonded to the membrane by adhesive.
The Hall effect transducer is positioned across the opening of the caliper where
it measures the opening and closing of the jaws. The device is designed in such
a way that self-weight is partly counteracted by buoyant uplift. The caliper
is positioned horizontally around the midheight circumference. The range of
the radial strain gage is 1.5 mm. Radial strain measuring includes assumptions
implying uncertainty. The assumptions are no compression of the membrane
and soil specimens retain perfectly circular cross-section with horizontal strain
changing.
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Axial small strain measuring device
Figure 3.19: Axial small strain measuring device after Clayton et al. (1989).
An axial Hall effect local strain transducer has two basic components: a
pendulum which is suspended by a spring from the upper fixing pad and a lower
fixing pad where the hall effect semiconducting sensor is housed. The details of
device mounting are shown in Figure 3.19. A spring-mounted pendulum holds
two bar magnets, each 3-mm-square in cross section, separated by 3 mm. The
upper pads fixed to the test specimen by pins and bonded to the membrane
by adhesive. The spring allows relative motion between the fixing pad and the
pendulum without the need to introduce a bearing. This is a very important
feature of the device as it guarantees no slack in the system while ensuring
that friction remains very low. The spring has the function of gently pressing
the PTFE separator against the face of the encapsulated semiconductor in the
lower part of the device. The PTFE separator maintains the space of the
two magnets and also the gap between the face of the semiconductor and the
magnet faces.
The lower part of the gauge consists of a metallic container holding the linear
output Hall Effect semiconductor encapsulated in epoxy resin. This is mounted
on the specimen by means of a pinned fixing pad. The working principle and
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experimental results are clearly presented in Clayton & Khatrush (1986). The
device is also designed in such a way that self-weight is partly counteracted
by buoyant uplift. Slippage between the membrane and soil specimen occurs
only at large strains and is sufficiently small that for most situations it can be
neglected.
In triaxial testing, there is friction between the unlubricated ends of the
soil specimen and the end platens. Therefore, to some extent the end platens
are restrained vertically and laterally. This zone will be restrained both ends
to one third of the specimen height while the middle third has less prone to
the effect from end restraint. It is suggested that radial and axial deformation
measurement should locally be performed on the specimen in this zone. Figure
3.20 shows the set up of both radial and axial hall effect local deformation
transducers on the soil specimen. The position of the radial local deformation
transducer should be at the specimen midheight and the position of the local
deformation transducers should be at the middle third of the specimen height.
Figure 3.20: The set-up of local strain transducers onto soil specimen in triaxial
test.
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3.2.6 Transducers and accuracy of measurement
Figure 3.16 shows typical output of the Hall effect device. The output is linear
over a limit range of approximately 5 mm for the gage described. The sensitivity
of the device may be affected by mis-alignment of the two parts of the assembly.
When deliberate mis-alignment of the two halves of the gauge was 5o, it was
found that the change in sensitivity was only 1.25/% of the sensitivity when
properly aligned. In practice it is relatively easy to achieve an alignment much
better than 5o. The resolution of the gauges is +0.002 %. The gauge is light
(0.35 g), influence of the instrument on the soil is limited. The transducer can
work in cell pressure till about 1700 kPa (manual of the GDS Hall effect local
displacement transducers, GDS Instruments Ltd).
Figure 3.21 shows the influence of varying both the separation D between
the magnets and the gap H between the magnets and the semiconductor for a
double magnet bi-polar slide-by configuration. Up to a separation D approxi-
mating to the minimum face width of the poles of the magnet, an increase in
the gap results in an increase in the linear range of the device. Beyond this
spacing the output becomes strongly nonlinear. The sensitivity of the output
can be increased by decreasing the gap H. For highly sensitive displacement
measurement the spacing is reduced to zero, and the gap is reduced to as little
as is practical. The details of using this Hall effect transducer in the triaxial
small strain test is clearly explained in Clayton et al. (1989).
3.3 Bender element equipment
Shear modulus is one of the most important parameters in geotechnical engi-
neering. In order to obtain this shear modulus, piezoelectric transducers are
applied in the triaxial apparatus with a design similar to those described in de-
tail by Brignoli et al. (1996) offering possibility to apply isotropic or anisotropic
stress conditions on a soil specimen and measuring shear wave velocity. The
shear wave is generated and received by piezoelectric transducers placed at op-
posite ends of the soil specimen. In this research there are two methods for
evaluating the shear wave velocity. The first method calculates the shear wave
velocity from the distance between the two transducers and the time required
by the shear wave to cover this distance as shown in Equation 3.2.
Vs =
L
t
(3.2)
where Vs is the shear wave velocity, L is the tip to tip distance between two
transducers and t is the required time to cover this distance. The details of
evaluating this time delay can be found in Section 4.6.
t = tt − tc (3.3)
where tt is the total travel time and tc is the offset time.
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Figure 3.21: (a) Typical configuration; (b) factors influencing sensitivity after
Clayton & Khatrush (1986).
A second method is developed by Blewett et al. (1999). In this method a
continuous sine wave is applied to a transmitter transducer at a low frequency.
The output from the receiver transducer is displayed at the same time. The
frequency of the input is gradually increased until the output signal comes into
phase. If the initial frequency is low enough, it will create one full wavelength
between both transducers. The input frequency is again increased until a mul-
tiple number of full wavelengths is obtained. The shear wave velocity can be
calculated by Equation 3.4
Vs =
L
N
· f (3.4)
where N is the number of full wavelengths and f is the frequency of send-
ing signal. After obtaining the shear wave velocity, it is possible to calculate
the shear modulus using the relationship from elastic continuum mechanics in
Equation 3.5.
G = ρ · Vs
2 (3.5)
where ρ is the mass density.
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3.3.1 Operation of piezoelectric transducers
The working principle of bender elements is based on the properties of piezoelec-
tric materials. A voltage applied to faces of a combination of two piezoelectric
materials causes one to expand while the other contracts, causing the entire
element to bend as shown in Figure 3.22. Similarly, a lateral disturbance of
the bender element will produce a voltage so the bender elements can be used
as both shear wave transmitters and receivers. Measurement of time delay
between sending and receiving of the shear wave will provide the shear wave
velocity.
Direction of  
shear wave propagation 
Direction of elements tip  
and soil particle movement 
- Voltage + Voltage 
Bearing plate 
Figure 3.22: Operation of bender element after Kramer (1996).
There are two types of piezoelectric bender elements. One is a series con-
nected bender element and the other is a parallel connected element. The
series connected bender element is shown in Figure 3.23a. Note that the po-
larization is oriented in opposite directions for each plate. An electrical wire
lead is attached to each of the outer electrode surfaces. The parallel connected
bender element is shown in Figure 3.23b. In this type of bender element, the
polarization has the same direction for both plates. The electrical connections
are attached such that the two outer electrode surfaces are the same pole and
the center electrode is the other pole. To attach an electrical wire lead to the
center electrode, a portion of the element must be ground away. The series
connected bender element is better used as receiver. On the other hand, the
parallel connected bender element is better used as transmitter. However, this
research uses only the series type for both transmitter and receiver transducer
due to the advantage in measurement of receiving signal.
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a) b)
Figure 3.23: a) Series and b) Parallel connected bender element after Dyvik &
Madshus (1985).
3.3.2 Experimental setup
Figure 3.24 shows the triaxial apparatus with bender elements set-up. A per-
sonal computer generates a signal through a sound card with 5V peak to peak
as suggested by Mohsin & Airey (2003). This signal is amplified to 40V peak
to peak. A Hewlett-Packard dynamic signal analyzer model 3562A is used to
measure the arrival time between a transmitted signal and a received signal. A
voltage pulse is applied to the transmitter transducer, this causes it to produce
a shear wave. When the shear wave reaches the other end of the soil speci-
men, distortion of the receiver transducer produces another voltage pulse. The
receiver transducer is directly connected to the analyzer to compare the differ-
ence in time between the transmitter and the receiver. The shear wave velocity
measurements are usually performed with frequencies ranging between 2 to 12
kHz, at strains estimated to be less than 0.0001 %. At low frequencies, signals
can be influenced by a nearfield effect. The near field effect will be disscusses in
Section 4.6.1. At high frequencies, the received signal is very weak and difficult
to interpret. In most cases, signals are averaged 20 times in order to get a clear
signal.
The vertical bender element
The vertical bender elements become more and more a standard soil testing
device. Brignoli et al. (1996) proposed the installation of a vertical bender
element in the pedestal platen as seen in Figure 3.25. The same vertical bender
elements are used in the isotropic triaxial testing in this research.
Recently, a new bender/extender element is used for anisotropic triaxial
tests. This new device, capable of transmitting and receiving both s- and
p-waves, is presented in Lings & Greening (2001). Figure 3.26 illustrates
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Figure 3.24: Schematic of piezoelectric bender element and associated electron-
ics.
the working principle for transmitting and receiving s-wave of the new ben-
der/extender element. P-wave velocity can also be measured with these ele-
ments as shown in Figure 3.27. However, measuring the p-wave is out of the
scope of this research as explained previously in Section 2.2.2.
The horizontal bender elements
Within this research project a new technique, as described in Fioravante &
Capoferri (2001), is introduced in the Laboratory of Geotechnics to allow the
shear wave to propagate through the specimen in horizontal direction. There-
fore the shear wave propagating horizontally with soil particles vibrating in
horizontal direction, Vs(hh), and the shear wave propagating horizontally with
soil particles vibrating in vertical direction, Vs(hv), can be measured. In mea-
suring horizontal shear waves, bender elements are fitted along the cylindrical
soil specimen. The new horizontal bender elements are coupled at one end on a
metal plate that acts as interface to transmit the shear wave laterally through
the soil specimen by friction. They are called frictional bender elements and
are shown in Figure 3.28. In the specimen membrane a rectangular slot of
2× 5 mm is cut, the metal plate is installed in contact with the soil inside the
membrane and glued to the internal surface of the membrane so there is no
leakage through the membrane. The dimensions of the metal plate are 20 mm
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Figure 3.25: Arrangement of vertical bender element transducer in base
pedestal platen after Brignoli et al. (1996).
Figure 3.26: Typical bender wiring, polarisation and displacement details: a)
transmitter; b) receiver for s-wave after Lings & Greening (2001).
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Figure 3.27: Typical extender wiring, polarisation and displacement details: a)
transmitter; b) receiver for p-wave after Lings & Greening (2001).
in height, 10 mm in width and 0.1 mm in thickness. The introduction of the
metal plates on the membrane causes negligible effect for any specimen prepa-
ration technique. Finally, one end of the horizontal bender element is glued
directly to the external surface of the metal plate through the hole by using
rapid glue, while the end is free. The horizontal bender elements are mounted
from the specimen bottom at 1/3 and 2/3 of the specimen height for Vs(hv) and
Vs(hh) respectively.
Figure 3.29 shows the bender element arrangement and the polarized shear
waves transmitted by the bender elements. Multi-directional shear wave mea-
surements Vs(vh), Vs(hh) and Vs(hv) can be carried out. Figure 3.30 shows the
set-up with three pairs of bender elements in the triaxial test.
Vs(hh) Vs(hv)
Figure 3.28: Frictional bender element after Fioravante & Capoferri (2001).
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Vs(hh)
Vs(vh)
Vs(hv)
Figure 3.29: Scheme of polarised
body waves transmitted by multi-
directional bender elements.
Figure 3.30: The set-up of bender
elements on the soil sample in tri-
axial test.
3.4 Summary
This chapter outlines the development, steering and data-acquisition of a
triaxial testing facility with local strain measurement and associated multi-
directional bender element devices in order to enable the investigation of cross-
anisotropic elastic moduli.
The development of two triaxial prototype apparatuses considers the re-
quirement for the reliability, stability and accuracy. In order to obtain these re-
quirements, laboratory infrastructure and environment needed to be improved.
The control of isotropic and anisotropic stresses is achieved by writing a LAB-
VIEW based software program and is enhanced by use of the GDS digital
volume/pressure controller to resolutions of 0.5 kPa. Moreover, the high reso-
lution measurement of strains is achieved using Hall effect local strain sensors.
These sensors can measure strains with accuracy of about ±0.002 % which is
considered in the very small strain region.
The second part of this chapter describes the bender element technique.
This technique uses piezoelectric transducers for a direct measurement of the
shear wave velocity out of the elastic wave propagations. The instrumentation
system used to generate and receive signals is described. In this research, the
set-up combines the standard vertical bender element technique with the hori-
zontal frictional bender element test. So, it is possible to measure shear wave
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velocities in multi-directions and consequently calculate the multi-directional
shear moduli.
The next chapter describes the methods used for sampling, preparing and
testing the Boom clay.
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Chapter 4
Materials and
methodology: sampling,
preparing and testing
Boom clay
4.1 Introduction
This research aims to study the anisotropy of the overconsolidated Boom clay
at small strains. The Boom clay is sampled at Sint-Katelijne-Waver (Belgium)
where the Boom clay outcrops. This site is maintained as a research facility
and has been characterised by Haegeman (1999), Haegeman & Menge´ (2001),
Menge´ (2001), Karl et al. (2003) and Karl (2005). In their studies on mate-
rial properties at this research site, Haegeman & Menge´ (2001) attempted to
analyse the anisotropy through the ratio of Vs(vh)/Vs(hh) and Vs(vh)/Vs(hv) using
the bender element data under isotropic consolidation stresses. Unfortunately,
the equations have limitation under the isotropic consolidation stress condition
which K0 = 1.0, so the ratio cannot represent the anisotropic properties of the
Boom clay.
As highlighted in Chapter 2, the cross anisotropic model consists of five
independent elastic parameters and can provide satisfactory understanding of
the anisotropy of clays using very small strain dynamic shear wave velocity
measurements and anisotropic triaxial small strain tests. Investigation of these
parameters are an important part of this research study.
This chapter is an interface between the description of the laboratory equip-
ment given in Chapter 3 and the following Chapter 5 where the influences on
the anisotropic shear moduli at very small strains, G0, are explored. The
progression to the development of a meaningful deformation model follows in
Chapter 6 where shear wave and triaxial small strain data are combined to
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derive the cross-anisotropy of the Boom clay.
This chapter begins with an introduction to the Boom clay highlighting the
original, basic engineering properties, history and mineral components of the
material. The methods used in soil sampling and preparing clay samples for
triaxial stress path testing are described.
4.2 The Boom clay
4.2.1 General
Vandenberghe (1978) studied sedimentology of the Boom clay in Belgium. His
paper shows the two areas where the Boom clay formation is present at the
ground surface. They form a belt from 5 to 15 km wide as seen in Figure 4.1.
The western area is located to the north of the rivers Durme and Dijle where the
research site Sint-Katelijne-Waver is chosen. The eastern outcrop is situated to
the north of the line Leuven-Tongeren. The discontinuity of the outcrop area
in Hageland is caused by the erosion of large parts of the sediments due to a
system of channels which was later filled by the Diestien sands.
Sint-Katelijne-Waver  
Figure 4.1: Outcrops of the Boom clay after Vandenberghe (1978).
De Beer (1977) studied the geological, physical and mechanical properties
of Boom clay and explained that the Boom clay is an oligocene formation.
It comes nearly to the surface along the Rupel and Nethe rivers, where it
is extensively digged for brickmaking. The Boom clay layer is dipping to the
North with an inclination, which between Boom and Antwerp is about 4m/km.
Concerning the general composition of the Boom clay, the report states that
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its composition is neither constant with depth nor with location. The Boom
clay becomes for instant more silty when travelling to the south-east. Further
it appears that for a same location the upper parts of the Boom clay contain
relatively more silt intercalations than the lower parts. In these lower parts
the Boom clay is often calcareous. Furthermore there are also differences in
the structure of the sediment (finely layered or not) and also in the plasticity
of the clay.
Schittekat et al. (1983) reported that the Boom clay, or the Rupelian clay,
is a marine deposit of Middle Oligocene age (35 m.y.). The total thickness
of the original clay formation could have been above 100 m as suggested by
the 150 to 200 m thick Boom clay in the South Netherlands, just north of
the Belgian frontier. Later erosion has moved part of the Boom clay to leave
typical thicknesses of 69 to 72 m in Oosterweel, near Antwerp. Furthermore,
the clay was covered by thicker deposits than those left today. Consequently,
the Boom clay may be considered as an overconsolidated clay.
4.2.2 Basic engineering properties
Engineering properties are determined on Boom clay samples at depths of 5.0
m and 8.0 m. Samples are named C5, C8, D5 and D8 while C means the
continuous rotary drilling technique and D means the discontinuous thin-walled
pushed tube technique. The number indicates the depth of sampling. Table
4.1 reports the properties of the Boom clay at site I (see Section 4.3.1).
Haegeman & Menge´ (2001) have provided a geotechnically relevant sum-
mary of the engineering properties of the Boom clay at Sint-Katelijne-Waver.
Menge´ (2001) conducted a wider based review of the Boom clay. At site II
samples are taken in the Boom clay formation at four depths, 4.5 to 4.9 m
(sample B1), 8.5 to 8.9 m (sample B2), 10.5 to 10.9 m (sample B3) and 13.5
to 13.9 m (sample B4). These sources have been used to compile the summary
of properties as shown in Table 4.2. The range of the curves of the grain size
distribution is given in Figure 4.2, shows that Boom clay is a well graded ma-
terial. Figure 4.3 shows the shear modulus and damping ratio in function of
the applied shear strain for an undisturbed Boom clay sample taken from the
boring segment between 4.0 and 4.5 m depth out of the free torsion pendulum
test. The undisturbed Boom clay from the same boring segment is used to
performed the resonant column test and the results of this test at the strain
level of 10−5 are shown in Figure 4.4.
CU-triaxial tests are performed on samples from four different depths. A
global interpretation of all results leads to the effective shear resistance para-
meters φ′ = 28o and c′ = 23 kPa.
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Parameter Unit Sample
C5 D5 C8 D8
Liquid limit, wLL [%] 65.38 65.95 57.51 54.12
Plastic limit, wPL [%] 22.23 23.21 21.02 22.89
Plasticity index, Ip [%] 43.15 42.74 36.49 31.23
Specific gravity, Gs [-] 2.71 2.69 2.70 2.71
Water content, w [%] 29.42 24.00 28.25 23.32
Density, ρ [kg/m3] 2030 2036 2042 2034
Table 4.1: Summary of properties of the Boom clay at site I after Karl (2005).
Parameter Unit Sample Mean
B1 B2 B3 B4 Value
Dry unit weight, γd [kN/m
3] 15.7 15.3 15.5 15.4 15.5
Natural unit weight, γn [kN/m
3] 19.7 19.3 19.5 19.4 19.5
Water content, w [%] 25.3 26.0 25.8 26.1 25.8
Saturation degree, Sr [%] 101.8 99.2 100.9 101.0 100.0
Liquid limit, wLL [%] 72.2 65.1 75.9 71.8 71.6
Plastic limit, wPL [%] 25.4 25.3 26.2 26.0 25.7
Plasticity index, Ip [%] 46.8 39.9 49.7 45.8 45.6
Table 4.2: Summary of properties of the Boom clay at site II after Menge´
(2001).
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Figure 4.2: Grain size distribution at Sint-Katelijne-Waver after Menge´ (2001).
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Figure 4.3: Shear modulus and damping ratio versus applied shear strain ob-
tained by the Free Torsion Pendulum Test, sampling depth: 4.0 to 4.5 m, site
I after Karl (2005).
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Figure 4.4: Shear modulus and damping ratio versus isotropic confining stress
by the resonant column test, shear strain 10−5, sampling depth: 4.0 to 4.5 m,
site I after Karl (2005).
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4.2.3 Post depositional history
The subsoil of the area around Sint-Katelijne-Waver consists of a homogeneous
layer of Boom clay to a large depth. The Boom clay belongs to the Oligocene
series (Rupelien stage). At the beginning of the continental Pleistocene erosion,
the Boom clay was covered by about 40 m of Neogene sand (Antwerpian). This
load has acted on the Boom clay for about 5-7 million years, while the unloading
due to the Pleistocene erosion started about 500,000 years ago. According to
the geological data the Boom clay should never have been subjected to larger
loads than those corresponding to the 40 m of Neogene sand. In its upper part
the Boom clay exhibits horizontal layering and has a medium to high degree of
fissuring. Many of the fissures have a slickensided appearance. Therefore, the
Boom clay in its upper part has to be described as a “stiff, fissured, layered
overconsolidated clay” as explained in Haegeman & Menge´ (2001).
4.2.4 Mineralogy, microstructure and fabric
It is generally agreed that the mineralogy of Boom clay is dominated by illite,
illite-smectite mixed-layer and kaolinite. Chlorite and chorite-smectite mixed-
layer are found in small amounts. Less unanimity exists about the contribution
of smectite Laenen (1997). Decleer et al. (1983) reported up to 70 wt. % of
smectite while Griffault et al. (1996) found only illite-smectite mixed-layer.
Dele´caut (2004) studied the geochemical behaviour of uranium in the Boom
clay. In his PhD thesis, the detrital mineralogy of Boom clay mainly consists
of clay minerals (30-70 wt. %), quartz (15-60 wt. %), and feldspars (1-10 wt.
%). Other detrital minerals which occur in minor amounts are micas and heavy
minerals. The clay mineralogy is dominated by illite, smectite, illite-smectite
mixed layer and kaolinite. The authigenic mineral assemblage in the Boom
clay includes glauconite (0-5 wt. %), pyrite (1-5 wt. %), carbonates (1-5 wt.
%) and traces of authigenic quartz. Biogenic minerals are apatite, aragonite
and quartz occuring as shark teeth, bivalve shells and sponge fragments, re-
spectively. Gypsum (0-1 wt. %) may be present as a weathering product. An
overview of the Boom clay mineralogy is given in the Table 4.3.
Dehandschutter et al. (2004) studied on the microfabric of fractured Boom
clay using scanning electron microscope (SEM) imagery and microstructural
analysis. Microfabric analysis contributed to a better understanding of clay
behaviour and effective fracturing which is primordial for understanding the
rheology of the clay and assessing the influence of fracturing on permeability,
critical issues in radioactive waste management. From their SEM images of
Boom clay samples, the results show a well-developed preferred alignment of
the clay particles pararellel to the bedding surface as seen in Figure 4.5. This
bedding shows a distinct porosity of the larger pores, caused by the granu-
lometry (presence of silt particles) and the irregularity of the individual clay
particles as seen in Figure 4.6. Generally an openstructure was observed with a
high porosity. No flocculation was seen, and clay particles tend to wrap around
silt particles as seen in Figure 4.7.
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Decleer Griffault Laenen Wouters De Craen
et al. et al. et al. et al.
1983 1996 1997 1999 2000
n = 21 n = 11 n = 8 n = 6 n = 36
weight % weight % weight % weight % weight %
min. max. min. max. min. max. min. max.
Clay minerals 37 71 58 13.6 72.6 30.9∗ 71.0∗ 11.4 83.0
Kaolinite 1.0 9.0 10 4.9 13.5 1 15
Illite 3.0 23 17 17.0 43.5 10# 30#
Smectite 19 42 5.5 12.5 10§ 30§
Chlorite 2 1 5
Illite/Smectite 29
Quartz 23.8 58.3 20 16.1 60.3 14.9 52.9 22.0 72.0
Albite 3.2 6.2 2.8 0.1 10.6 2.5 5.2 0.0 11.3
K-feldspar 6.5 11.3 6 0.7 9.9 1.5 4.9 0.0 17.3
Calcite 0.0 4.3 1 0.0 14.6 0.0 3.0 0.0 18.1
Dolomite 0.9 0.0 0.0
Siderite 0.4 0.0 2.8 0.0 0.3 0.0 2.0
Aragonite 0.0 1.4
Magnesite 0.0 1.9
Micas 0.0 2.3 0.0 4.2
Pyrite 0.7 2.5 4.2 0.66 2.48 0.6 3.5 0.2 8.9
Gypsum 0.0 0.7
Glauconite 0.01 1.10 2.1 4.8
Hematite 2.7 0.0 0.1
Rutile 1.0 0.62 1.06
Apatite 0.1 0.08 0.58 0.0 1.6
∗ clay minerals and glauconite
# illite and muscovite
§ smectite + illite/smectite mixed-layer
Table 4.3: Mineralogical composition of the Boom clay in weight percentage;
n: number of samples after Dehandschutter et al. (2004).
Figure 4.5: SEM image of undisturbed Boom clay viewing on the bedding plane
(bed) and on a section perpendicular (sec) after Dehandschutter et al. (2004).
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Figure 4.6: SEM image of undisturbed Boom clay viewing on a section per-
pendicular to bedding, with inner pores after Dehandschutter et al. (2004).
Figure 4.7: SEM image of undisturbed Boom clay viewing perpendicular to
bedding, showing clay particles warped around silt grain (s) after Dehand-
schutter et al. (2004).
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4.3 Sampling for triaxial testing
4.3.1 The site
Menge´ (2001) reports that the site I is situated on a field on the property
of the De Nayer Institute in Sint-Katelijne-Waver as seen in Figure 4.8. Two
borings and two SCPT’s were performed. In the framework of a research project
on soil displacement screw piles an elaborated soil testing campaign has been
performed on a research site at a distance of about 150 m. The ground surface
of this site, later on labelled as site II, is about 2.3 m below the ground surface
of site I. The tests have been performed at the end of the 1990th. They deliver
beside conventional soil parameters also information on shear and compression
wave velocity obtained by SASW and seismic refraction tests (SRT). A detailed
summary on this results can be found in Menge´ (2001) and Karl (2005).
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Figure 4.8: Site location plan, Sint-Katelijne-Waver, site I after Karl (2005).
Figure 4.9 summarises the geotechnical test results for the site at Sint-
Katelijne-Waver as described in Karl (2005). The simplified profile of the shear
wave velocity at site I is based on both SCPT’s. But there are no SCPT data
available for depths lower than 0.8 m. The velocity for this shallow layer is
assumed out of the SASW data and the seismic refraction tests at site II. The
soil material close to the surface has to be similar at site I and II to justify this
assumption. Therefore the reliability of the shear wave velocity values in the
first meter is limited.
Figure 4.10 and Figure 4.11 show four DMT’s performed on site II. A profile
of the overconsolidation ratio OCR and the K0-value with depth were calculated
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Figure 4.9: Summary of the test results at Sint-Katelijne-Waver after Karl
(2005).
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Figure 4.11: K0-value derived from
dilatometer test results at site II af-
ter Menge´ (2001).
using the horizontal stress index KD, obtained directly from the test. The OCR-
value in the Boom clay is in the range between 70 at shallow depths and 15
at 14 m depth. K0 decreases in the same zone from 3 to 1.8. Because the top
layer at site I is 2.3 m thicker than at site II it is not possible to convert the
values directly to site I. However, it can be assumed that site I would show
similar results.
CPT’s are done during the research project on soil displacement screw piles
using electrical CPT-cones. The averaged profile of the tip resistance qc of 6
MN/m2 of the CPT’s is drawn in Figure 4.12. A high reliability of the CPT
results is concluded from the small range of standard deviation.
Of particular interest to this research is a detailed in situ seismic shear wave
study reported by Menge´ (2001), Haegeman & Menge´ (2001) and Karl (2005),
in which various shear wave measurement techniques were used to provide Vs
profiles. SCPT tests provide the Vs(vh) profiles while SASW tests and Seis-
mic refraction tests provide the Vs(hv) profiles. The two SCPT’s on site I are
performed using the 200 kN automotive remote-controlled track vehicle. The
cone was driven to a final depth of about 13 m in both tests. Because of a bad
signal quality leading to unreasonable fluctuations in the results of the shear
wave velocity the results are only shown to a depth of 7.5 and 8.5 m. The
dual cone with two triaxial accelerometers in 1 m distance is used together
with a de-coupled seismic source for SCPT1 and SCPT2. Figure 4.13 gives the
profiles of the shear wave velocity obtained by the cross correlation interpreta-
tion technique. Each profile is the mean curve of a profile calculated using the
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Figure 4.12: Averaged cone resis-
tance qc and range of standard de-
viation, site II after Menge´ (2001).
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Figure 4.13: S-wave velocity using
cross correlation based on SCPT1
and SCPT2, site I after Menge´
(2001).
sledgehammer and a profile using the mechanical swing hammer. At depths
beneath about 4 m the profiles of SCPT1 and SCPT2 fall together and are in
the range of 150 to 180 m/s. The shallow material shows higher velocities up
to 200 and 250 m/s. The agreement between the two tests is in this top layer
not as perfect as in the deeper clay layer and is probably due to less accuracy
of the SCPT for shallow measurement depths.
Five lines were measured by the SASW method on site II. The resulting
profiles are presented in Figure 4.14, the numerical values are given in Table
4.4. The inversion calculation was performed assuming three layers on the
halfspace, for SASW 2 and 5 four layers on the halfspace were preferred because
the measured dispersion curve could be better approximated and because a fill
material was used at both measurement lines to replace the first 30 cm of the
top soil material. Very similar profiles from this five SASW tests show an
increasing stiffness with depth. Within the clay layer the shear wave velocity
increases from about 170 to 470 m/s. In comparison with the SCPT’s these
are noticeable higher values. Possible reasons are the overconsolidation of the
material leading to higher horizontal stiffness or the horizontally propagating
waves in the field pass along layers of high stiffness while in the SCPT tests
the vertically propagating waves pass through possible less stiff layers. A third
reason can be the fissuring characteristic of the Boom clay formation. So, this
is a first prove of the anisotropic stiffness behaviour! It should be noted that the
inversion process in the SASW interpretation assumes an isotropic constitutive
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Figure 4.14: SASW tests performed
at site II after Menge´ (2001).
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Figure 4.15: Seismic refraction test
results at site II after Menge´ (2001).
behaviour of the material. In the case of Boom clay this can lead to erratic
shear wave profiles and can be a subject for further research.
No. 1 No. 2 No. 3 No. 4 No. 5
Layer d Vs d Vs d Vs d Vs d Vs
[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s]
1 0.8 90 0.3 170 0.7 110 0.6 90 0.3 200
2 1.0 180 0.5 100 1.1 170 1.2 170 0.5 110
3 4.1 380 1.1 160 4.4 320 4.2 350 1.1 160
4 ∞ 450 4.3 340 ∞ 470 ∞ 470 4.4 300
5 ∞ 500 ∞ 700
Table 4.4: SASW Profiles, site II after Menge´ (2001).
Three lines on site II are also tested by seismic refraction. Figure 4.15 shows
the obtained profiles. These data can be considered in agreement with SASW
data.
Table 4.5 gives the obtained velocity values for the clay layer beneath 2 m
depth. The s-wave velocity averages to about 350 m/s. Closer details on these
seismic refraction tests can be found in Menge´ (2001).
In conclusion, the s-wave velocity of the clay confirms the results of the
SASW tests and is again higher than the results from the SCPT’s.
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Profile Vp Vs ν Edyn G0
[m/s] [m/s] [-] MPa MPa
A 1667 320 0.48 576 195
B 1457 348 0.47 675 231
C 1669 385 0.47 840 286
Table 4.5: Seismic refraction test results for the clay material beneath a depth
of 2 m, site II after Menge´ (2001).
4.3.2 Sampling
The stratification of the site is quite simple. It consists of a disturbed top layer
of clayey sand with stones and gravel, underlain by a homogeneous layer of
clay which extends to large depths. The interface between the sand and the
clay is for testing site I at about 3 m depth and for site II at 0.7 m depth. The
clay belongs geologically to the tertiary formation of Boom, the sand of the top
layer is a quaternary deposit.
For laboratory testing, samples in category A are required as described
in the European Standards prEN ISO 22475-1:2002. The sampling methods
with respect to the sampling category in different soils are shown in Table
4.6. In category A, a soil disturbance should not occur during the sampling
procedure. The water content and the void ratio of the soil corresponds to
the in-situ values. In this research two sampling techniques claimed to be of
category A are used for sampling overconsolidated stiff clay. The first technique
is the borehole drilling with the thin-walled tube sampler (OS-T/W-PU) and
the other technique is the rotary core drilling with triple tube wire line coring
sampling system (CS-TT). The rotary core drilling can operate faster than
the borehole technique with open-tube samplers. Part of this research is to
investigate the possible soil disturbance of the new sampling technique CS-TT
through bender element testing as reported in Piriyakul & Haegeman (2005b).
An open-tube sampler with thin-walled push tube
This technique is used for soil sampling in Belgium by the Ministry of the Flem-
ish Community, Department of Environment and Infrastructure, Geotechnics
Division. A borehole is drilled and soil sampling is performed at the bottom
of the predrilled hole. The borehole bottom is protected from collapse by cas-
ing and cleaned before sampling. At a desired depth, the thin-walled tube is
pushed for sampling a 50 cm long sample. The thin-walled tube is manufac-
tured according to the ASTM standards D 1587-94 and European Standards
prEN ISO 22475-1:2002 as shown in Figure 4.16. The sampling tubes are made
from thin-walled seamless stainless steel with an inner diameter of 104 mm
and a wall thickness of about 2 mm. These tubes are cut into lengths of 600
mm and at the lower end of the sampling tube a sharp edge is foreseen. The
inside clearance ratio, Ci, one of the factors that determines the mechanical
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Soil Type Suitability Sampling method
Category A Category B Category C
Clay stiffness or strength PS-PU OS-T/W-PE AS
sensitivity OS-T/W-PU OS-TK/W-PE
plasticity OS-T/W-PEa CS-ST
OS-TK/W-PEa ASa
CS-DT, CS-TT
S-TP, S-BB
Silt stiffness or strength PS CS-DT, CS-TT AS
sensitivity OS-T/W-PU OS-TK/W-PE CS-ST
groundwater table OS-TK/W-PEa
S-TP
Sand sizes of the particles S-TP CS-DT, CS-TT AS
density OS-T/W-PUa OS-TK/W-PE CS-ST
groundwater table OS-TK/W-PEa
Gravel sizes of the particles S-TP OS-TK/W-PEa AS
density CS-ST
groundwater table
Organic state of decay PS ASa AS
soil OS-T/W-PU CS-ST
S-TP
a can be used only in favorable conditions.
Key
OS-T/W-PU open-tube sampler, thin-walled/pushed
OS-T/W-PE open-tube sampler, thin-walled/percussion
OS-TK/W-PE open-tube sampler, thick-walled/percussion
PS piston sampler
CS-ST rotary core drilling, single tube
CS-DT, CS-TT rotary core drilling, double or triple tube
AS augering
S-TP samples from trial pit
S-BB samples from borehole bottom
Table 4.6: Sampling methods with respect to the sampling category in different
soils (prEN ISO 22475-1:2002).
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disturbance of the soil by friction on the inside wall of the sampling tube, is
practical 0 % and it is considered as a category A sampling method.
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Figure 4.16: Thinwall sampler.
Rotary core drilling with triple tube wire line coring sampling system
The rotary drilling technique is a Geobor S product and described in details in
the manual of Atlas Copco. As seen in Figure 4.17, the tripletube sampler con-
sists of two parts: a pilot and a reaming bit. The flushing discharges between
the pilot and the reamer, minimizing the contact between core and flushing
media. The Geobor-S equipment can be used in stiff soils. During operation,
it is possible to control and vary the drilling fluid and its pressure and flow,
the applied torque and the speed of rotation. The design and construction of
the drill bit is shown in Figure 4.17. The drilled core has a diameter of 102
mm and is inserted into a plastic sampler tube with a length of 1.5 m. After
drilling the core is drawn up inside the casing tube with the aid of a wire which
is first lowered inside the drill rods and hooked onto the sampling tube. This
technique offers a possibility to sample large depths up to 200 m. The soil
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Figure 4.17: Tripletube sampler.
4.3. SAMPLING FOR TRIAXIAL TESTING 83
sample is obtained continuously along the drilling with the sampler remaining
in the hole as a casing until the borehole is completed. Therefore there is no
risk of the borehole collapsing during the drilling. The plastic sampling tube
can be cut and opened without pushing force. Therefore it is claimed that this
new technique also offers undisturbed samples in category A.
Comparison of two soil sampling techniques
In this part of the research study, water content, liquid limit, plastic limit,
specific gravity and mass density of the samples are compared. As seen in
Table 4.1, the plasticity index decreases with depth due to a decreasing liquid
limit. Index parameters from the samples of the two sampling techniques are
not differing except for the natural water content. The water content of the
samples from the CS-TT sampling technique appears to be higher. This can
be explained by the flushing process used in the CS-TT sampling technique.
Figure 4.18 and 4.19 show the bender element results measured on the
Boom clay samples under different isotropic stress states. These figures show
the values of G0/pr against p
′/pr, both in a logarithmic scale, where pr is a
reference pressure of 1 kPa. The data points for the consolidated samples fall
close to a straight line given by
G0
pr
= S
(
p′
pr
)n
(4.1)
where S and n are non-dimensional soil parameters. The n values of sample
C5, C8 and D8 are about 0.5 confirming the finding of Roesler (1979). Figure
4.18 shows however that the sample D5 has a lower value of S and a higher
value of n compared to the values for the other samples. The lower value of
S confirms a possible sample disturbance. For the other samples, the bender
element results are similar as shown in Figure 4.18 and 4.19 so samples C5, C8
and D8 can be considered undisturbed.
The conclusions from this research study, drawn from 12 independent BE
tests on four undisturbed Boom clay samples where nine out of 12 data points
nearly fall on the same linear line, are that both sampling techniques provide
high quality samples. Although the sample D5 seems to be disturbed as it
has different results in BE test and oedometer test (Piriyakul & Haegeman
(2005c)), this disturbance might be due to other processes than the sampling
technique since it is not confirmed in sample D8. Therefore both sampling
techniques fulfil the requirement of category class A sampling. The attention
should be paid to the CS-TT sampling since there is the possibility of higher
water contents. However, the new technique is preferred for its fast operation
and the continuity of sampling.
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Figure 4.18: BE Test: G0 versus isotropic consolidation stress for C5 and D5.
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Figure 4.19: BE Test: G0 versus isotropic consolidation stress for C8 and D8.
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4.3.3 Groundwater
Karl (2005) reported that the groundwater table is found at site II at depths
between 0.5-1.0 m. If a horizontal groundwater table between site I and II is
assumed, the groundwater table at site I can be estimated 2.8 to 3.3 m deep.
4.3.4 Test sample preparation
Reconstituted Kaolinite samples
In the beginning of the research, Kaolinite clay is used to perform both isotropic
and anisotropic triaxial tests in order to ensure the working ability of local
strain sensors, bender element devices and triaxial apparatuses. Reconstituted
Kaolinite clay samples are prepared in the standard Proctor test. Using this
method, a cylindrical homogeneous sample is taken by means of a cylindrical
steel tube with 53 mm diameter and 112 mm in length. This technique is
also applied to make a reconstituted Boom clay sample for the test AR1 but
the void ratio and the water content could not reach the in-situ data. Also
the saturation degree, Sr, of 69 % needs to be improved. Therefore, a new
technique for making reconstituted samples is required as seen later in next
sections.
Undisturbed Boom clay samples
The undisturbed Boom clay samples are kept in the high humidity room. Sam-
ples of the thin-walled sampler were extruded vertically using a hydraulic ex-
trusion device. Then a cylindrical steel tube, which 50 mm in diameter and
100 mm in length, was pushed into the sample. For samples of the rotary core,
it is easy to cut the plastic sampler tube into a length of about 110 mm and
then push the cylindrical steel tube into the sample in the same way as for the
thin walled sample. This procedure took approximately 15 minutes, and the
sample was then returned to the high humidity room.
Reconstituted Boom clay samples
Reconstituted Boom samples were made and reached the same water content
and void ratio as the in-situ samples using the basis of techniques similar to
Pennington (1999). The undisturbed Boom clay samples are trimmed to a size
of 50 mm in diameter and 100 mm in height. The water content is measured in
order to calculate the dry mass of the undisturbed samples. The reconstituted
procedure involved remoulding the oven-dried Boom clay powder at a moisture
content of 1.8 times the liquid limit. This Boom clay powder is obtained from
the undisturbed samples after dehydration of 24 hours at the oven temperature
of 105 oC. Then, this dried sample is milled into powder passing through sieve
number 40 (0.025 mm opening). The dried Boom clay powder, the same weight
of the dry mass for the undisturbed Boom clay samples, is mixed with the de-
ionised water to raise the moisture content to 1.8 times the liquid limit. The
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resulting slurry was thoroughly mixed for 24 hours, then carefully poured into
a steel tube with inner diameter of 50 mm and 300 mm length. Then, an
initial vertical stress of about 20 kPa is applied as seen in Figure 4.21. The
top piston of the device contains a porous disk and a filter paper is used at
the bottom to facilitate two way vertical drainage. The details of the devices
for clay sample reconstitution are shown in Figure 4.20. Once the clay slurry
under the initial stress is nearly consolidated, further increments in vertical
stress are applied. Then the device is installed in the loading frame and a
vertical deformation is applied to the final size of 100 mm in height as same
as the height of the undisturbed Boom clay sample. Using this technique, the
reconstituted samples are made with the same void ratio and water content of
the undisturbed Boom clay samples. The saturation degree, Sr, is calculated
(e · Sr = Gs ·w) assuming samples are completely saturated. The Sr values of
reconstituted Boom clay samples are found Sr=100 % for IR1, Sr=95 % for
AR2 and Sr=97 % for AR3 respectively.
Steel pipe with Øinner = 50 
mm and 300 mm in length
Filter paper
Bottom cap with 
drainage outlet
Porous Stone
O-ring
Steel pipe with Øoutter = 48 
mm and 400 mm in length
Figure 4.20: Section of the reconstituted clay device.
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Figure 4.21: The reconstituted clay device.
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4.4 The stress path testing program
Table 4.7 gives an overview of triaxial tests performed in this research. A pro-
gramme of stress path tests is defined to investigate the small strain anisotropy
of the Boom clay and divided in the following categories:
• Isotropic and anisotropic tests carried out on reconstituted Kaolinite clay
samples in order to ensure the working capacity of all sensors and triaxial
apparatuses.
• Isotropic tests with vertical bender elements carried out on undisturbed
Boom clay samples obtaining from the thin-walled sampler and the rotary
core drilling in order to investigate the sample disturbance.
• Isotropic test with vertical bender elements carried out on an undisturbed
Boom clay sample in order to investigate the influence of the back pres-
sure.
• Anisotropic K0 tests carried out on samples of undisturbed Boom clay in
order to investigate the K0 value of Boom clay.
• Isotropic and anisotropic K = 2.0 tests carried out on carefully obtained
and prepared samples of undisturbed Boom clay. Local strain and mul-
tiple shear wave measurements are included.
• Isotropic and anisotropicK = 2.0 tests carried out on samples of reconsti-
tuted Boom clay. Measurements included both local strain and multiple
shear wave velocity data.
The Boom clay anisotropy lead to the development of anisotropic shear
wave velocity measuring devices, these tests provide significantly more insight
into influences on G0(ij) than tests where only Gvh is measured. Therefore in
this research emphasis was put on tests where three sets of shear wave velocity
measurement devices are installed.
4.4.1 Isotropic triaxial tests
Isotropic tests IB1, IB2, IB3 and IB4 are performed on undisturbed Boom
clay in order to investigate the sample disturbance obtained from the thin-
walled sampler and the rotary core drilling. Samples of 38 mm in diameter
are consolidated to the effective stress of 150, 300 and 600 kPa applying a
back pressure of 100 kPa as seen in Figure 4.22. At the end of consolidation,
vertical bender element tests are performed to measure the shear wave velocity
as reported in Section 4.3.2.
Isotropic test IB5 is performed to investigate the influence of back pressure
on an undisturbed Boom clay sample. The effective stress of 100 kPa is kept
constant during increment of the cell pressure to 200, 300, 400, 500 and 600 kPa
with increment of back pressures of 100, 200, 300, 400 and 500 kPa respectively.
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Test Triaxial Material Diameter BP Local strain Bender data
No. test (mm) (kPa) devices Gvh Ghh Ghv
IK1 Iso. Kaolinite 50 100 * * * *
IB1 Iso. Boom C5 38 100 *
IB2 Iso. Boom C8 38 100 *
IB3 Iso. Boom D5 38 100 *
IB4 Iso. Boom D8 38 100 *
IB5 Iso. Boom C5 38 100 *
IB6 Iso. Boom C5 38 300 *
IB7 Iso. Boom C8 50 300 * * * *
IR1 Iso. Recon. Boom 50 300 * * * *
AK1 K0 Kaolinite 50 300 * * * *
AB1 K0 Boom C5 50 300 * * * *
AB2 K0 Boom D5 50 300 * * * *
AB3 K = 2 Boom C5 50 300 * * * *
AB4 K = 2 Boom C8 50 300 * * * *
AR1 K0 Recon. Boom 50 300 * * * *
AR2 K = 2 Recon. Boom 50 300 * * * *
AR3 K = 2 Recon. Boom 50 300 * * * *
Table 4.7: Summary of triaxial tests.
Isotropic test IB6 is performed on the undisturbed Boom clay in the same
procedure as reported in Haegeman & Menge´ (2001) to compare the material
properties. The sample is subjected to effective stresses of 40, 80, 160, and 320
kPa with a back pressure of 300 kPa.
In the preliminary test IK1, the isotropic effective stresses of 100, 200 and
400 kPa are applied to consolidate the reconstituted Kaolinite clay samples ap-
plying a back pressure of 300 kPa. At the end of consolidation, multi-directional
bender element tests are performed to measure the shear wave velocity. Then
the sample is subjected to a vertical loading to about 1 % of axial strain, un-
loaded to 0 % and again reloaded to about 1 % axial strain. The same proce-
dure is used in the isotropic tests with local strain sensors and multi-directional
bender element devices on the undisturbed Boom clay (test IB7) and the re-
constituted Boom clay (test IR1). The test IR1 is additionally performed with
an isotropic effective stress of 600 kPa.
4.4.2 Anisotropic triaxial tests
As highlighted in section 3.2.4, anisotropic triaxial tests are performed under
K0 and K−consolidation. The preliminary anisotropic behaviour under K0-
consolidation is studied on Kaolinite clay (test AK1) and reconstituted Boom
clay (test AR1). Then test AB1 and AB2 are preformed on undisturbed Boom
clay samples consolidated under K0-condition. K0 values obtained from these
tests are lower than the in-situ K0 value of 2.3. In the beginning of the AB3
test, a disagreement of vertical stress reading between the internal loading
cell and the calculation formula suggested by Bishop & Wesley (1975) is seen.
Then the program is adjusted and further tests show good agreement between
those two readings. So, anisotropic tests AB4 and AR2 are performed under
K−consolidation, the sample is consolidated underK = 2.0 condition to points
a, f, a, f, k, f and a respectively with a rate of 1 kPa/hour as shown in Figure
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Figure 4.22: The stress path of all triaxial tests performed.
4.23. At the end of each K-consolidation, multi-directional bender element
tests are performed. The Multiple Mini Stress Path Excursions (MMSPE) are
performed at the vertical effective stresses 100, 200 and 400 kPa (at point a, f
and k) in order to obtain the five independent elastic parameters of the cross-
anisotropy. At the vertical effective stress of 100 kPa (point a), MMSPE consist
of four shearing methods; constant σ′h (ab and ba paths), constant σ
′
v (ac and
ca paths), constant q (ad and da paths) and constant p′ (ae and ea paths) as
seen in Figure 4.24. In the same way, MMSPE are applied at point f and k.
The variation of p′ or q is about 20 kPa. Unfortunately, the test AR2 failed
duringK-consolidation to the vertical stress of 400 kPa. So, AR3 is additionally
performed consolidating a reconstituted sample under K = 2.0 condition to a
vertical effective stress of 50 kPa (at point p) and also shearing with MMSPE.
Then the sample is again consolidated to vertical effective stresses of 100, 200,
300, 250, 200, 150, 100 and 50 kPa corresponding to points u, v, w, x, v, y, u
and p as depicted in Figure 4.25.
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Figure 4.23: The K-consolidation stress path for anisotropic triaxial tests .
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Figure 4.24: Details of the mini stress path shearing at the σ′v =100 kPa.
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Figure 4.25: The K-consolidation stress path of the AR3 test.
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4.4.3 Calculation procedures
It should be noted that the sign convention in the soil mechanics is opposite to
the other continuum mechanics. All triaxial variables are monitored and saved
as described in Section 3.2. These variables are used to calculate small strain
parameters as follows:
Vertical strain
• An external vertical strain, ǫv
ǫv = −
(
∆H
Hc
)
× 100% (4.2)
where
∆H (mm) is the change of the specimen height
Hc (mm) is the height of the specimen after consolidation
• A local axial strain, ǫlv
ǫlv = −
1
2
(
∆L1
Lc1
+
∆L2
Lc2
)
× 100% (4.3)
where
∆L (mm) is the change of the specimen length across the measurement
base of the local strain sensors
Lc1, Lc2 (mm) refer to the length of the base of the local strain gauge1
and gauge2 measured after consolidation
Horizontal strain
• An external horizontal strain, ǫh
ǫh =
ǫp − ǫv
2
% (4.4)
where
ǫp is the volumetric strain
• A local horizontal strain, ǫlh
ǫlh = −
∆φ
φc
× 100% (4.5)
where
∆φ (mm) is the change of the specimen diameter
φc (mm) is the diameter of the specimen after consolidation
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Volumetric strain
• An external volumetric strain, ǫp
ǫp = −
∆V
Vc
× 100% (4.6)
where
∆V (mm3) is the change of volume of the specimen
Vc (mm
3) is the volume of the specimen after consolidation
• A local volumetric strain, ǫlp
ǫlp = ǫ
l
v + 2ǫ
l
h (4.7)
Poisson ratio
• An external Poisson ratio, ν
ν = −
ǫh
ǫv
(4.8)
• A local Poisson ratio, νl
νl = −
ǫlh
ǫlv
(4.9)
Area
• A corrected area of the specimen
A = Ac
1− ǫp
1− ǫv
(4.10)
where
A (mm2) is an area of the specimen during the loading
Ac (mm
2) is the area of the specimen after consolidation
Deviatoric stress
q =
[
Fa
A
− 0.02
(
∆H
Hc
)]
× 1000 (4.11)
where
q (kPa) is deviatoric stress
Fa (N) is the applied axial force
The term 0.02
(
∆H
Hc
)
is an empirical factor taking into account the membrane
stiffness and expressed in kPa
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Elastic Young Modulus
Ev,i =
qi
ǫv,i
(4.12)
where
Ev,i is a secant Young modulus and subscript i means at a certain measurement
point
Elastic Shear Modulus
Gi =
Ev,i
2 (1 + νvh,i)
(4.13)
Gi =
qi
3ǫq,i
(4.14)
where
Gi is an elastic shear modulus
ǫq,i is a distortional strain and equals to ǫq =
2
3 (ǫv − ǫh)
Elastic Bulk Modulus
Ki =
p′i
ǫp,i
(4.15)
where
Ki is an elastic bulk modulus
p′i is a mean effective stress
Elastic Coupling Modulus
Jpq =
p′i
ǫq,i
(4.16)
Jqp =
qi
ǫp,i
(4.17)
where
Jpq,i is a coupling modulus linking changes in mean effective stress and changes
in distortional strain
Jqp,i is a coupling modulus linking changes in deviatoric stress and changes in
volumetric strain
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4.5 Processing small strain data
In order to evaluate the tangent stiffness from the data sets obtained in the
research, polynomial curves are fitted to the load/displacement data. Generally
one curve is used to represent the 0-0.01 % strain range, and a second curve
fits the higher strain data. The gradient of the second curve is matched to
that of the first at the transition point. Moduli are then simply obtained by
differentiation of the polynomial and evaluated at any desired strain value. This
procedure is performed in Excel workbooks and MATLAB programs, where the
data are plotted for a number of strain ranges, so the quality of the fit can be
assessed and the order or strain range of the polynomial adjusted to result
in the best fit for each excursion. As an example, the curve obtained in this
manner for one excursion is illustrated in Figure 4.26.
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Figure 4.26: Illustration of the small strain data obtained using local strain
devices.
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4.6 Processing shear wave velocities
4.6.1 Near field effect
For the input signal with low frequencies, the first deflection of the measured
signal does not correspond to the arrival of the shear wave but the arrival of
a compression wave so-called near-field component. It should be noted that
this near-field effect may mask the arrival of the shear wave when the distance
between the transmitter and the receiver is in the range of 14 -4 wavelengths.
Figure 4.27 shows that the near-field effect decays fast when the number of
wavelengths between the transmitter and the receiver is increased as described
by Brignoli et al. (1996). In this research, the optimum frequencies giving good
signals are between 2 to 10 kHz. The resonant frequency of the piezoelectric
bender element is 610 Hz, frequencies lower than 1 kHz should therefore not
be applied.
-1 0 1 2 3 4 5
TIME [ms]
Near-field effect 
f=2 kHz 
f=4 kHz 
f=6 kHz 
f=8 kHz 
f=10 kHz 
Figure 4.27: Influence of near-field effect on the shear wave arrival in Boom
clay with different frequencies.
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4.6.2 Calibration of bender elements
Before performing tests, it is essential to calibrate the bender element system
to ensure that there is no delay time in the measurement due to the electronics,
ceramics and coating material. There are two methods. In the first method,
the offset time, tc, is estimated by putting a pair of bender element directly
in contact and measuring the time interval between the transmitter transducer
and the receiver transducer. In the second method, the triaxial apparatus is set
up without a specimen inside. The bender elements are placed at the suitable
height and distance by clamping. No shear wave arrival should be recorded
when the triaxial apparatus is empty or when the triaxial cell is filled with
water.
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Figure 4.28: Calibration of bender element with a single period sinusoidal
waveform.
Figure 4.28 shows the delay of the shear wave attaching the transmitting
transducer directly to the receiving transducer and sending a single period
sinusoidal waveform with a frequency of 4 kHz. A calibration time, tc, of 7.80
µs is measured. In an analogue way a four period sinusoidal waveform with
frequency of 4 kHz is sent and its delay is 3.91 µs as seen Figure 4.29.
4.6.3 Interpretation of shear wave velocities
Interpretation of a single period sinusoidal waveform
Figure 4.30 shows the total travel time of a single sinusoidal waveform in the
Boom clay sample: tt is 460.90 µs. From Equation 3.3, the required travel time,
t, is calculated by subtracting the offset time, tc. Therefore the required travel
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Figure 4.29: Calibration of piezoelectric bender elements with four period si-
nusoidal waveform.
time is 453.10 µs. The tip to tip distance between the transducers is 83.96 mm.
A shear wave velocity, Vs = 185.30 m/s is obtained using the Equation 3.2.
Interpretation of a four period sinusoidal waveform
Similar as in previous section, Figure 4.31 shows the total travel time of a four
period sinusoidal waveform in a Boom clay sample, t, is 457.00 µs and Vs =
185.31 m/s.
Interpretation of a continuous sinusoidal waveform
In some cases the interpretation of a single or a four period sinusoidal waveform
is ambiguous. To remove the uncertainty, the continuous sinusoidal waveform
is used. This technique is convenient and efficient.
Figure 4.32 shows the cross-correlation of the input and output signals. A
frequency of 9012 Hz is measured. Using Equation 3.4, a shear wave velocity
of 189.16 m/s is calculated since the number of wavelengths is 4 and the tip to
tip distance of 83.96 mm.
Table 4.8 presents the shear wave velocities by continuous sinusoidal shear
wave measurements on a Boom clay sample. The results show that the interpre-
tation of shear wave arrival time is improved when the number of wavelengths
is higher than four or five.
Using Equation 3.4, the shear moduli are calculated for all methods and
show good agreement as shown in Table 4.9.
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Figure 4.30: Example of measurement of a single period sinusoidal shear wave
travel time in Boom clay.
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Figure 4.31: Example of measurement of a four period sinusoidal shear wave
travel time in Boom clay.
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Figure 4.32: Example of measurement of continuously sinusoidal shear wave
travel time in Boom clay.
Number of wavelengths Frequency (Hz) Shear wave velocity (m/s)
1 2050 172.12
2 3915 164.22
3 6150 172.12
4 9012 189.16
5 11050 185.55
Table 4.8: Vs from continuously sinusoidal shear wave measurements of Boom
clay with different frequencies.
Methods Vs (m/s) G (MPa)
single period sinusoidal waveform 185.30 66.92
four period sinusoidal waveform 185.31 66.93
continuously sinusoidal waveform 189.16 69.74
Table 4.9: Shear moduli of Boom clay.
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The shear modulus of soils can be accurately obtained using the piezoelectric
bender elements. This technique measures the shear modulus in a very small
strain region where the strain is less than 0.0001 % and this region is assumed
to be an elastic region for the soil material. By interpretation of three different
waveforms, there is no significant effect of waveforms on the determination of
the shear wave velocity. It is shown that the piezoelectric bender element test
is a good method for determining the shear wave velocity. Since it is a non
intrusive test, the soil specimen will not be disturbed during the test, therefore
the same soil sample can be used for other types of soil testing.
4.7 Summary
This chapter describes the Boom clay in terms of geological origin, basic engi-
neering properties, stress history and microstructure, the methods to obtain,
prepare and set high quality undisturbed Boom clay samples in the triaxial
apparatus and the method to reconstitute the Boom clay samples. The testing
programme to investigate the stiffness properties of both the undisturbed and
reconstituted Boom clay at small strains is elaborated. Some tests focus on
the multi-directional bender element devices capable of measuring, Gvh, Ghh
and Ghv. The last part of this chapter explains the methods by which the
local strain and bender element data are scrutinised to ensure the validity and
accuracy of the measurements.
In Chapter 5, results from the bender element measurement of the very
small strain shear modulus, G0(ij), will be presented, and used to explore the
factors influencing the anisotropy of G0(ij).
Chapter 5
Shear wave explorations of
the anisotropy of G0
5.1 Introduction
This research proposes a new possibility to evaluate the initial shear moduli,
G0(ij), of Boom clay material at very small strains measuring Gvh, Ghh and
Ghv on a sample at any stress state with independent control of the vertical
and the horizontal stresses, enabling to separate σ′i from σ
′
j as proposed in
Equation 2.28.
Jovicˇic´ & Coop (1998) clearly described the terminology of anisotropy as
follows;
• Stress-induced anisotropy results only from the current stress condition
and is independent of the stress and strain history of the soil.
• Inherent anisotropy results from the current structure and fabric of the
soil. For clays, the inherent anisotropy might be expected to be related to
the plastic strain history the soil has been undergone but it also includes
the development of structure. Inherent anisotropy will be used to describe
the anisotropy of natural clays for their in-situ state.
• Strain-induced anisotropy describes the non stress-induced anisotropy of
reconstituted samples where the influence of diagenetic processes related
to the passage of geological time is small. As reconstituted samples are
recreated from a slurry and have not enough time to create any modified
bonding, the structure may be expected to be predominantly related to
the one-dimensional strain history rather than the mode of deposition.
In this chapter, research results are given on both undisturbed and reconsti-
tuted Boom clay in order to investigate the stress-induced, inherent and strain-
induced anisotropy. The first section presents data of tests on undisturbed
Boom clay defining both stress-induced and inherent stiffness anisotropy. The
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second part interprets testing results on young reconstituted Boom clay to de-
fine the stress-induced and strain-induced stiffness anisotropy. The third sec-
tion compares the undisturbed Boom clay data with the reconstituted Boom
clay results. Finally, this chapter will conclude with comparisons between lab-
oratory and in-situ measurements of shear wave velocities.
5.2 Tests on undisturbed Boom clay material
Isotropic stress conditions
As mentioned in Section 4.4.1, tests IB1, IB2, IB3, IB4, IB5, IB6 and IB7 are
performed on undisturbed Boom clay samples under isotropic effective stress
conditions. The tests IB1, IB3 and IB6 are performed on the sample C5 and
D5, samples from 5.0 m depth. Figure 5.1 shows Gvh from these tests and the
in-situ shear modulus against mean effective stress from in-situ tests (SCPTs
after Karl (2005)). In a similar way, Figure 5.2 reports isotropic triaxial testing
results IB2, IB4 and IB7 performed on the samples C8 and D8 from 8.0 m
depth. Tables 5.2 to 5.8 also report all the testing data: the basic engineering
properties of each Boom clay sample, the size of the sample, the sampling
depth, the consolidation stress, the shear wave velocities and the shear moduli.
Gvh (IB6) = 13.80x0.38
R2 = 0.96
Gvh (IB1) = 10.98x0.49
R2 = 0.95
Gvh (IB3) = 4.87x0.60
R2 = 1.0
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Figure 5.1: G0(ij) out of bender element tests on samples from 5.0 m depth
under isotropic stress conditions.
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Gvh (IB2) = 9.89x0.50
R2 = 0.97
Gvh (IB4) = 11.98x0.47
R2 = 0.94
Gvh (IB7) = 7.89x0.48
R2 = 0.94
Ghh (IB7) = 22.59x0.32
R2 = 0.96
Ghv (IB7) = 17.50x0.30
R2 = 0.9510
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Figure 5.2: G0(ij) out of bender element tests on samples from 8.0 m depth
under isotropic stress conditions.
As seen in Figure 5.1 and 5.2, nvh values from tests IB1, IB2, IB3, IB4,
IB6 and IB7 are about 0.50, which a typical value for cohesive soils. Haegeman
& Menge´ (2001) reported that nvh values are also about 0.50 for the Boom
clay as shown in Table 5.1. The values of nhh and nhv are about 0.30 but
are not equal to nvh. So, a further analysis of stress direction and void ratio
dependency is necessary (see Section 5.2.2).
Boom clay nvh
Antwerpen 0.46
Sint-Katelijne-Waver 0.48
Table 5.1: Parameters of Boom clay after Haegeman & Menge´ (2001).
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Test index IB1
Sample index C5
Depth [m] 5.0
Height [mm] 90.55
Distance BE tips, L [mm] 86.60
Diameter, φ [mm] 37.80
Mass [g] 206.28
Mass density, ρ [kg/m3] 2030
Water content, w [%] 29.42
Back pressure [kPa] 100
Initial void ratio, e0 0.7277
Isotropic stress [kPa] 150 300 600
Void ratio, e 0.7379 0.7024 0.6752
Vs(vh) [m/s] 255 281 353
Gvh [MPa] 131 161 257
Table 5.2: Test data from test IB1.
Test index IB2
Sample index C8
Depth [m] 8.0
Height [mm] 88.00
Distance BE tips, L [mm] 84.94
Diameter, φ [mm] 37.80
Mass [g] 201.61
Mass density, ρ [kg/m3] 2042
Water content, w [%] 28.25
Back pressure [kPa] 100
Initial void ratio, e0 0.6962
Isotropic stress [kPa] 150 300 600
Void ratio, e 0.7013 0.6781 0.6480
Vs(vh) [m/s] 250 282 351
Gvh [MPa] 127 163 255
Table 5.3: Test data from test IB2.
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Test index IB3
Sample index D5
Depth [m] 5.0
Height [mm] 90.35
Distance BE tips, L [mm] 86.35
Diameter, φ [mm] 37.80
Mass [g] 206.38
Mass density, ρ [kg/m3] 2036
Water content, w [%] 24.00
Back pressure [kPa] 100
Initial void ratio, e0 0.6387
Isotropic stress [kPa] 150 300 600
Void ratio, e 0.6408 0.6279 0.6069
Vs(vh) [m/s] 219 273 330
Gvh [MPa] 97.5 152 224
Table 5.4: Test data from test IB3.
Test index IB4
Sample index D8
Depth [m] 8.0
Height [mm] 86.90
Distance BE tips, L [mm] 83.84
Diameter, φ [mm] 37.80
Mass [g] 198.34
Mass density, ρ [kg/m3] 2034
Water content, w [%] 23.32
Back pressure [kPa] 100
Initial void ratio, e0 0.6432
Isotropic stress [kPa] 150 300 600
Void ratio, e 0.6701 0.6550 0.6213
Vs(vh) [m/s] 256 279 352
Gvh [MPa] 132 158 253
Table 5.5: Test data from test IB4.
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Test index IB5
Sample index C5
Depth [m] 5.0
Height [mm] 87.80
Distance BE tips, L [mm] 83.96
Diameter, φ [mm] 37.80
Mass [g] 192.00
Mass density, ρ [kg/m3] 1949
Water content, w [%] 32.20
Initial void ratio, e0 0.8385
Isotropic stress [kPa] 0 200 300 398 500 601
Back pressure [kPa] 0 99 200 298 400 500
Void ratio, e 0.8385 0.8608 0.8720 0.8748 0.8786 0.8842
Vs(vh) [m/s] 185 184 185 187 185 190
Gvh [MPa] 66.91 65.41 66.33 67.44 66.22 69.74
Table 5.6: Test data from test IB5.
Test index IB6
Sample index C5
Depth [m] 5.0
Height [mm] 88.00
Distance BE tips, L [mm] 84.05
Diameter, φ [mm] 37.80
Mass [g] 198.35
Mass density, ρ [kg/m3] 2009
Water content, w [%] 29.42
Back pressure [kPa] 300
Initial void ratio, e0 0.7232
Isotropic stress [kPa] 78 156 312
Void ratio, e 0.7649 0.7431 0.7056
Vs(vh) [m/s] 194 211 250
Gvh [MPa] 74.58 88.85 126.39
Table 5.7: Test data from test IB6.
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Test index IB7
Sample index C8
Depth [m] 8.0
Height [mm] 100.15
Distance BE tips, L [mm] 96.35
Diameter, φ [mm] 50.00
Mass [g] 391.22
Mass density, ρ [kg/m3] 1989
Water content, w [%] 28.15
Back pressure [kPa] 300
Initial void ratio, e0 0.7456
Isotropic stress [kPa] 100 200 200 400 400
Void ratio, e 0.7705 0.7470 0.7488 0.7061 0.7206
Vs(vh) [m/s] 196 223 217 280 260
Vs(hh) [m/s] 225 241 249 276 281
Vs(hv) [m/s] 188 203 200 231 227
Gvh [MPa] 76.21 99.17 93.89 156.44 134.48
Ghh [MPa] 100.51 115.30 123.37 151.55 157.33
Ghv [MPa] 70.62 81.60 79.37 106.01 102.72
Table 5.8: Test data from test IB7.
Anisotropic stress conditions
Anisotropic triaxial tests AB1, AB2, AB3 and AB4 are performed on the undis-
turbed Boom clay. The test data of these tests are shown in Table 5.9 to 5.12.
Tests AB1 and AB2 are performed under K0-consolidation but these tests are
not used for the regression analysis because the obtained K0 values are not
satisfactory as mentioned in Section 3.2.4. Test AB3 consolidated the undis-
turbed sample under K = 2.0 condition but there is a disagreement of vertical
stress reading between the inner load cell and the calculation formula. The
calculation formula of the vertical stress is proposed in Sheahan et al. (1990)
as given by:
σv = (p± F − σh)(a/A) + σh (5.1)
where p is the pressure in the lower chamber, F is the friction adjustment, a
is the effective area of the Bellofram seal, A is the cross-section area of the
sample, σv is the vertical stress and σh is the horizontal stress.
So, only the test AB4 is used for the regression analysis. The test AB4 is
performed as mentioned in Section 4.4.2, consolidating the undisturbed Boom
clay sample under an anisotropic stress condition of K = 2.0. Figure 5.3 gives
the results of G0(ij) against the mean effective stresses, p
′. The test AB4 data
are also shown in Table 5.12. The nvh value of the virgin load data is about
0.50 and similar to the nhh value. But both values differ from nhv. Figure
5.4 shows that G0(ij) increases with decreasing void ratio, e. Again, the stress
direction and void ratio dependency should be analysed.
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Figure 5.3: G0(ij) out of bender element tests on samples from 8.0 m depth
under anisotropic stress conditions against p′.
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Figure 5.4: G0(ij) out of bender element tests on samples from 8.0 m depth
under anisotropic stress conditions against e.
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Test index AB1
Sample index C5
Depth [m] 5.0
Height [mm] 101.50
Distance BE tips, L [mm] 95.25
Diameter, φ [mm] 50.00
Mass [g] 394.23
Mass density, ρ [kg/m3] 1978
Water content, w [%] 29.42
Back pressure [kPa] 300
Initial void ratio, e0 0.7530
Vertical effective stress [kPa] 83.65
Horizontal effective stress [kPa] 48.50
Vs(vh) [m/s] 149.82
Vs(hh) [m/s] 185.03
Vs(hv) [m/s] 152.16
Gvh [MPa] 44.95
Ghh [MPa] 68.57
Ghv [MPa] 46.37
Table 5.9: Test data for test AB1.
Test index AB2
Sample index D5
Depth [m] 5.0
Height [mm] 101.50
Distance BE tips, L [mm] 95.25
Diameter, φ [mm] 50.00
Mass [g] 392.19
Mass density, ρ [kg/m3] 1968
Water content, w [%] 24.00
Back pressure [kPa] 300
Initial void ratio, e0 0.6887
Vertical effective stress [kPa] 12.44 129.03 238.80 396.64
Horizontal effective stress [kPa] 6.50 126.00 219.50 303.50
Vs(vh) [m/s] 445.31 448.28 405.28 359.28
Vs(hh) [m/s] 179.69 183.58 164.07 148.38
Vs(hv) [m/s] 167.97 167.97 171.56 167.97
Gvh [MPa] 92.99 91.59 111.72 141.61
Ghh [MPa] 152.36 146.28 182.82 223.80
Ghv [MPa] 174.37 174.73 167.20 174.64
Table 5.10: Test data for test AB2.
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Test index AB3
Sample index C5
Depth [m] 5.0
Height [mm] 100.25
Diameter, φ [mm] 50.00
Mass [g] 378.08
Mass density, ρ [kg/m3] 1921
Water content, w [%] 32.17
Back pressure [kPa] 300
Initial void ratio, e0 0.8647
Table 5.11: Test data for test AB3.
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Test index AB4
Sample index C8
Depth [m] 8.0
Height [mm] 100.15
Distance BE tips, L [mm] 95.32
Diameter, φ [mm] 50.00
Mass [g] 404.52
Mass density, ρ [kg/m3] 2057
Water content, w [%] 23.12
Back pressure [kPa] 300
Initial void ratio, e0 0.6220
Vertical effective stress [kPa] 102.19 93.18 193.95 94.01 194.07 397.08 193.22 95.80
Horizontal effective stress [kPa] 203.00 188.50 392.50 185.50 392.00 793.50 385.50 185.00
Void ratio, e 0.5480 0.5892 0.5541 0.5934 0.5880 0.5594 0.6006 0.6505
Vs(vh) [m/s] 231.50 217.36 271.97 241.14 278.43 336.95 314.68 250.40
Vs(hh) [m/s] 280.63 252.38 318.81 289.63 322.74 386.65 353.49 297.78
Vs(hv) [m/s] 230.63 201.90 248.67 219.77 248.51 271.93 257.76 223.67
Gvh [MPa] 112.81 98.22 155.58 120.72 161.23 238.36 205.10 127.83
Ghh [MPa] 165.77 132.42 213.78 174.15 216.63 313.87 258.82 180.79
Ghv [MPa] 111.96 84.75 130.07 100.28 128.44 155.25 137.61 102.00
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5.2.1 Influence of back pressure
The back pressure, BP, is a reference pressure (100 kPa in general) which is
applied in the soil sample in triaxial testing. Due to the fact that the pressure
transducer can measure only positive values, the reference pressure offers the
possibility to measure the negative pore water pressure in the soil sample. The
advantage of a higher back pressure is a better saturation degree which is very
important in this research since the material is an overconsolidated Boom clay.
Therefore, the research attempts to evaluate the influence of back pressure on
the Boom clay stiffness. Since shear modulus is a function of the effective stress
and void ratio, the back pressure should have no effect on the results. So, the
objective here is to investigate the influence of back pressure on Boom clay
under isotropic stress conditions using the bender element technique.
The undisturbed Boom clay sample C5 is used for this isotropic test IB5.
A total of six tests are conducted keeping a constant effective stress of 100
kPa. The cell pressures are 100, 200, 300, 400, 500 and 600 kPa and the back
pressures are 0, 100, 200, 300, 400 and 500 kPa respectively. The Boom clay
sample is consolidated until volume change stops.
From the bender element tests at the end of each consolidation step, it is
seen that the shear moduli are not significantly different as the back pressure
increased as shown in Figure 5.5. Since in this research the same sample is
used, the effect of sample disturbance can be omitted. This means the back
pressure has no influence on the shear wave velocity and the shear modulus.
It confirms the founding of Roesler (1979) that the shear wave velocity is a
function of the effective stress.
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Figure 5.5: Gvh versus back pressure
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5.2.2 Void ratio function
The void ratio function, F (e), is adopted according to Lo Presti (1989) and
Jamiolkowski et al. (1991) and given in Equation 2.29.
F (e) = e−x
A x value of 1.30 is proposed by Lo Presti (1995) and Jamiolkowski et al. (1995)
for clay soils. Using this value, the regression analysis for the isotropic tests
IB1, IB2, IB4 and IB7 and the anisotropic test AB4 is done in a MATLAB
program. The normalised values of G0(ij) at different stress states is shown in
Figure 5.6. The data points for the consolidated samples fall close to a single
straight line given in Equations 5.2 to 5.4. Using this plot, the values of Sij
and nj can be simply presented. For example in Equation 5.2, the normalised
value of Gvh is plotted against the normalised value of σ
′
h. The values of Svh
and nh can be directly determined out of the plot. In the same way, the values
of Shh and nh will be obtained using the Equation 5.3 and the values of Shv
and nv will be obtained using the Equation 5.4.
Gvh
pa · e−x · (
σ′v
pa
)nv
= Svh · (
σ′h
pa
)nh (5.2)
Ghh
pa · e−x · (
σ′
h
pa
)nh
= Shh · (
σ′h
pa
)nh (5.3)
Ghv
pa · e−x · (
σ′
h
pa
)nh
= Shv · (
σ′v
pa
)nv (5.4)
A void ratio function using the proposed value x of 1.30 fits the test data for
the Boom clay not so well since the values nv and nh are not equal. Therefore,
the test data is re-analysed in order to evaluate the void ratio function of the
Boom clay. Based on the assumption the principal stress exponent nv = nh =
n as in reported Jamiolkowski et al. (1995), the void ratio function with x=1.15
leads to a unique value of n equal 0.21 as seen in Figure 5.7.
Furthermore this research proposes a third method of analysing these test
data without fixing the value of n = nv = nh nor fixing the value of x=1.30 for
the void ratio function. So, the values of nv, nh and x are free during regression
analysis. The value of x=1.21 for the void ratio function of Boom clay is
found after the regression analysis. Thus, the further analyses of stress-induced,
inherent and strain-induced anisotropy for undisturbed and reconstituted Boom
clay through out this research will always use the void ratio function, F (e) =
e−x, with the x value of 1.21. Figure 5.8 shows parameters of Boom clay by the
third method of analysing. Table 5.13 summarises parameters of Boom clay
out of all three analysing methods.
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Figure 5.6: Normalised shear moduli versus effective consolidation stresses
x=1.30.
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Figure 5.7: Normalised shear moduli versus effective consolidation stresses
x=1.15.
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Figure 5.8: Normalised shear moduli versus effective consolidation stresses
x=1.21.
Method nv nh x Svh Shh Shv
fixing x=1.30 0.28 0.14 1.30 572 698 415
fixing n = nv = nh 0.21 0.21 1.15 590 618 433
Free x and n 0.23 0.19 1.21 579 629 424
Table 5.13: Parameters of Boom clay.
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5.2.3 Stress-induced anisotropy
As mentioned in Section 5.1, the stress-induced anisotropy results only from the
current stress condition and is independent of the stress and strain history of the
soil. This effect of the stress-induced anisotropy is shown in the values of nv and
nh as seen from Equation 2.30. The undisturbed Boom clay test data of IB1,
IB2, IB4, IB7 and AB4 are divided into two groups; the virgin load data and the
unload-reload data in order to investigate the effect of overconsolidation. Figure
5.9 shows the results on undisturbed Boom clay at virgin load conditions and
depicts the value of nv of 0.28 and the value of nh of 0.17. Since the value of nv
is higher than the value of nh, the Boom clay has a stress-induced stiffness in the
vertical direction higher than in horizontal direction. In a similar way, Figure
5.10 presents the result of undisturbed Boom clay at unload-reload conditions
and shows that the value of nv of 0.21 and the value of nh of 0.14. Again, the
Boom clay shows the stress-induced stiffness in the vertical direction is higher
than the horizontal direction. The stress-induced anisotropic parameters of
both groups are almost similar due to the fact that Boom clay still behaves
as an overconsolidated material even at virgin load conditions. Table 5.14
summarises the parameters from both groups of data and shows that the Boom
clay data are also consistent with results from six Italian clays as reported in
Jamiolkowski et al. (1995) as shown in Table 2.1. The properties of these six
Italian clays are presented in the Tables 2.1 and 2.2.
Groups nv nh x Svh Shh Shv
virgin load 0.28 0.17 1.21 557 642 408
unload-reload 0.21 0.14 1.21 611 780 495
Table 5.14: Anisotropic parameters of undisturbed Boom clay.
5.2.4 Inherent anisotropy
The definition of the inherent anisotropy is explained in Section 5.1. The
inherent anisotropy results only from the current structure and fabric of the
soil. This effect of inherent anisotropy is shown in the non dimensional material
constant, Sij , as shown in Equation 2.30. The Sij value is defined in relation
with the propagation directions and particle motions in Equations 5.5 to 5.7.
Svh =
Gvh
e−x · p
(1−nv−nh)
a · (σ′v)
nv · (σ′h)
nh
(5.5)
Shh =
Ghh
e−x · p
(1−2nh)
a · (σ′h)
nh · (σ′h)
nh
(5.6)
Shv =
Ghv
e−x · p
(1−nh−nv)
a · (σ′h)
nh · (σ′v)
nv
(5.7)
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Figure 5.9: Normalised shear moduli of undisturbed Boom clay at virgin load.
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Figure 5.10: Normalised shear moduli of undisturbed Boom clay at unload-
reload.
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For virgin load data, Figure 5.11 and Figure 5.12 present Sij versus voids
ratio, e, and σ′i · σ
′
j respectively and show the average value Svh of 557, the
average value Shh of 642 and the average value Shv of 408. These Sij values
are normalised by the average value of Shv in order to investigate the effect
of cross-anisotropy. Lines should be and are horizontal due to the normalising
effects described above. The ratio Shh/Shv is 1.57 and the ratio Svh/Shv is
1.37 as seen in Figure 5.13. In a similar way, Figure 5.14 and Figure 5.15
show Sij versus voids ratio, e, and σ
′
i · σ
′
j for unload-reload data respectively
and show the average value Svh of 611, the average value Shh of 780 and the
average value Shv of 495. After normalising the Sij values by the Svh value,
the ratio Shh/Shv is 1.58 and the ratio Svh/Shv is 1.23 as seen in Figure 5.16.
The ratios Shh/Shv and Svh/Shv of both groups are similar due to the fact that
undisturbed Boom clay still behaves as an overconsolidated material even at
virgin load conditions. The difference in the values of Sij show effects of ageing,
cementing, forming of inter particulate bonds and the conversion of minerals
from one to another in different directions. Table 5.15 summarises the inherent
anisotropic parameters of the undisturbed Boom clay for both virgin load and
unload-reload groups.
Since the ratio Svh/Shv is larger than 1.00, no cross-anisotropic behav-
iour of the undisturbed Boom clay is found. Possible reasons are the fissuring
characteristic of the undisturbed Boom clay sample or the inclination of the
Boom clay formation in relation to the boring direction which invalidates the
assumption of the cross-anisotropy. So the principal axes of the anisotropy are
not necessary the vertical and horizontal directions as chosen in the research.
Therefore, the Equation 2.28 proposed by Hardin & Blandford (1989) is inad-
equate to represent the undisturbed Boom clay data and should include the
third horizontal stress term, σ′k, as:
G0(ij) = Sij · F (e) · (OCR)
k · p(1−ni−nj−nk)a · (σ
′
i)
ni · (σ′j)
nj · (σ′k)
nk (5.8)
Furthermore, the overconsolidation ratio, OCR, the ratio by which the current
vertical effective stress in the soil was exceeded in the past (OCR =
σ′vc
σ′v
) can be
redefined in function of p′ or separated into functions of σ′i, σ
′
j and σ
′
k. However,
the apparatuses for investigating two horizontal stress terms in triaxial testing
such as the hollow or the true triaxial tests are not available in the Laboratory
of Geotechnics.
Groups Svh Shh Shv Shh/Shv Svh/Shv
virgin load 557 642 408 1.57 1.37
unload-reload 611 780 495 1.58 1.23
Table 5.15: Inherent anisotropic parameters for undisturbed Boom clay.
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Figure 5.11: Sij versus voids ratio, e, for virgin load data.
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Figure 5.12: Sij versus σ
′
i · σ
′
j for virgin load data.
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Figure 5.13: Sij normalised by Shv versus voids ratio, e, for virgin load data.
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Figure 5.14: Sij versus voids ratio, e, for unload-reload data.
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Figure 5.15: Sij versus σ
′
i · σ
′
j for unload-reload data.
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Figure 5.16: Sij normalised by Shv versus voids ratio, e, for unload-reload data.
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5.3 Tests on reconstituted Boom clay material
The objective to perform tests on young reconstituted Boom clay samples is to
investigate the effect of the stress-induced and the strain-induced anisotropy
where the influence of diagenetic processes related to the passage of geological
time is negligible. Triaxial tests on reconstituted Boom clay samples consist
of the isotropic test IR1 and the anisotropic tests AR1, AR2 and AR3. Table
5.16 to 5.19 report all the testing data. The data of test AR1 is not used
for the regression analysis because the obtained K0 value is not satisfying as
mentioned in Section 3.2.4. Figure 5.17 shows the G0(ij) versus p
′. The small
strain shear moduli, G0(ij), increases with increasing the mean effective stress,
p′. For virgin load data, the values of nhh and nhv are about 0.40 but differ
from the value of nvh. The nvh value of 0.51 is consistent with the undisturbed
Boom clay data and also the test results reported in Haegeman & Menge´ (2001)
as seen in Table 5.1. For unload-reload data, the nhh and nvh are about 0.30
but differ from the value of nhv. Figure 5.18 shows the normalised G0(ij) versus
e, the small strain shear moduli, G0(ij), increases with decreasing void ratio, e.
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Figure 5.17: G0(ij) versus mean effective stresses, p
′.
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Figure 5.18: G0(ij) versus voids ratio, e.
Test index IR1
Height [mm] 100.23
Distance BE tips, L [mm] 96.91
Diameter, φ [mm] 50.00
Mass [g] 385.48
Mass density, ρ [kg/m3] 1959
Water content, w [%] 28.55
Back pressure [kPa] 300
Initial void ratio, e0 0.7449
Isotropic stress [kPa] 100 200 400 600
Void ratio, e 0.7574 0.7319 0.6843 0.6496
Vs(vh) [m/s] 179.07 187.52 246.96 271.45
Vs(hh) [m/s] 217.26 236.88 276.50 298.16
Vs(hv) [m/s] 180.54 209.69 239.96 259.49
Gvh [MPa] 62.82 68.88 119.48 144.35
Ghh [MPa] 92.47 109.92 149.77 174.15
Ghv [MPa] 63.85 86.14 112.80 131.91
Table 5.16: Test data for test IR1.
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Test index AR1
Height [mm] 99.60
Distance BE tips, L [mm] 94.10
Diameter, φ [mm] 50.30
Mass [g] 351.62
Mass density, ρ [kg/m3] 1979
Water content, w [%] 34.74
Back pressure [kPa] 300
Initial void ratio, e0 1.0550
Vertical effective stress [kPa] 46.55 100.35 197.17 398.64
Horizontal effective stress [kPa] 43.00 82.00 136.50 270.00
Voids ratio, e 1.082 1.054 1.006 0.938
Vs(vh) [m/s] 156.09 179.36 197.72 253.77
Vs(hh) [m/s] 169.09 183.30 214.10 253.83
Vs(hv) [m/s] 144.40 166.60 203.90 239.73
Gvh [MPa] 43.72 57.73 70.15 115.56
Ghh [MPa] 51.31 60.29 82.18 115.62
Ghv [MPa] 37.42 49.81 74.61 103.13
Table 5.17: Test data for test AR1.
Test index AR2
Height [mm] 102.23
Distance BE tips, L [mm] 97.40
Diameter, φ [mm] 50.00
Mass [g] 399.19
Mass density, ρ [kg/m3] 1989
Water content, w [%] 23.12
Back pressure [kPa] 300
Initial void ratio, e0 0.6556
Vertical effective stress [kPa] 98.36 196.02 97.5
Horizontal effective stress [kPa] 200.00 395.50 192.50
Void ratio, e 0.5751 0.5349 0.5645
Vs(vh) [m/s] 177.56 224.81 206.64
Vs(hh) [m/s] 224.73 282.64 271.09
Vs(hv) [m/s] 171.82 225.06 199.99
Gvh [MPa] 63.99 102.58 86.67
Ghh [MPa] 102.50 162.13 149.16
Ghv [MPa] 59.92 102.81 81.17
Table 5.18: Test data for test AR2.
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Test index AR3
Height [mm] 100.02
Distance BE tips, L [mm] 95.19
Diameter, φ [mm] 50.00
Mass [g] 398.60
Mass density, ρ [kg/m3] 2030
Water content, w [%] 23.12
Back pressure [kPa] 300
Initial void ratio, e0 0.6439
Vertical eff. stress [kPa] 48.59 104.08 209.60 246.88 199.08 147.72 98.96 52.20 41.81
Horizontal eff. stress [kPa] 97.00 210.00 418.00 495.00 396.50 291.50 196.00 105.00 94.00
Void ratio, e 0.7515 0.7232 0.6783 0.6441 0.6467 0.6519 0.6562 0.6668 0.6862
Vs(vh) [m/s] 174.28 202.52 232.57 264.02 264.04 261.38 241.57 220.25 199.27
Vs(hh) [m/s] 226.78 256.15 285.15 313.73 313.87 306.50 289.32 263.08 230.99
Vs(hv) [m/s] 172.35 194.70 222.62 236.78 236.88 232.71 222.75 207.01 198.51
Gvh [MPa] 57.86 79.41 107.53 141.46 141.26 138.00 117.56 97.10 78.57
Ghh [MPa] 97.97 127.05 161.66 199.75 199.60 189.75 168.63 138.54 105.58
Ghv [MPa] 56.59 73.40 98.53 113.77 113.69 109.38 99.96 85.78 77.97
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5.3.1 Stress-induced anisotropy
Similar to the analysis of the stress-induced anisotropy for undisturbed Boom
clay results, the reconstituted Boom clay testing data of IR1, AR2 and AR3
are divided into two groups; the virgin load data and the unload-reload data
also to investigate the effect of overconsolidation. Figure 5.19 shows the stress-
induced anisotropy of reconstituted Boom clay for virgin load data and reports
the nv value of 0.27 and the nh value of 0.21. As mention previously, the
effect of the stress-induced anisotropy is shown in the values of nv and nh.
Again, the value of nv is higher than the value of nh. This phenomenon is
consistent with the test results of undisturbed Boom clay which shows that
the reconstituted Boom clay at virgin load also has a stress-induced stiffness
in the vertical direction higher than in the horizontal direction. In a similar
way, Figure 5.20 presents the stress-induced anisotropy of reconstituted Boom
clay for unload-reload data. The value of nv is lower than the value of nh and
are significant different from the virgin load data due to the swelling effect of
the reconstituted Boom clay. Table 5.20 summarises anisotropic parameters of
reconstituted Boom clay from both groups.
Groups nv nh x Svh Shh Shv
virgin load 0.27 0.21 1.21 329 486 330
unload-reload 0.09 0.16 1.21 626 753 528
Table 5.20: Stress-induced anisotropic parameters of reconstituted Boom clay.
5.3.2 Strain-induced anisotropy
The strain-induced anisotropy describes the non stress-induced anisotropy of
reconstituted samples as mentioned in Section 5.1. Reconstituted samples are
formed from a slurry and particles have no time to create any modified bond-
ing. The effect of the strain-induced anisotropy is shown in the non dimen-
sional material constant, Sij , as seen in Equation 2.27. Similar to the analysis
of the inherent anisotropy for undisturbed Boom clay, Sij values for the re-
constituted Boom clay are also evaluated through Equations 5.5 to 5.7. The
reconstituted Boom clay testing data are also divided into two groups; the vir-
gin load data and the unload-reload data. Figure 5.21 and 5.22 present Sij
of the reconstituted Boom clay for virgin load data versus voids ratio, e, and
σ′i · σ
′
j respectively. All lines are horizontal due to the normalising effects. The
value of Svh is 329, the value of Shh is 486 and the value of Shv is 330. These
Sij values are normalised by the value of Shv in order to investigate the effect
of cross-anisotropy. Figure 5.23 shows the ratio Shh/Shv is 1.47 and the ratio
Svh/Shv is 1.00. The ratio Shh/Shv is not equal to 1.00 reflecting a structure
predominantly related to a 1-D strain history. However, the ratio Svh/Shv 1.00
shows the existence of the cross-anisotropy as described in Chapter 2.
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Figure 5.19: Normalised shear moduli of reconstituted Boom clay at virgin
load.
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Figure 5.20: Normalised shear moduli of reconstituted Boom clay at unload-
reload.
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In a similar way, Figure 5.24 and 5.25 show Sij of the reconstituted Boom
clay at unload-reload conditions versus voids ratio, e, and σ′i · σ
′
j respectively.
The average value of Svh is 626, the average value of Shh is 753 and the average
value of Shv is 528. These Sij values are also normalised by the average value
of Shv in order to investigate the effect of cross-anisotropy. Figure 5.26 shows
the ratio Shh/Shv is 1.43 and the ratio Svh/Shv is 1.19 which are consistent
with the undisturbed Boom clay results since overconsolidated.
Table 5.21 shows the strain-induced anisotropic parameters of the reconsti-
tuted Boom clay for both the virgin load and the unload-reload groups.
Groups Svh Shh Shv Shh/Shv Svh/Shv
virgin load 329 486 330 1.47 1.00
unload-reload 626 753 528 1.43 1.19
Table 5.21: Strain-induced anisotropic parameters for reconstituted Boom
clays.
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Figure 5.21: Sij versus voids ratio, e, for virgin load data.
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Figure 5.22: Sij versus σ
′
i · σ
′
j for virgin load data.
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Figure 5.23: Sij normalised by Shv versus voids ratio, e, for virgin load data.
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Figure 5.24: Sij versus voids ratio, e, for unload-reload data.
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Figure 5.25: Sij versus σ
′
i · σ
′
j for unload-reload data.
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Figure 5.26: Sij normalised by Shv versus voids ratio, e, for unload-reload data.
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5.4 Comparisons between undisturbed and
reconstituted material
The undisturbed Boom clay sample results should be compared with the recon-
stituted Boom clay sample results since the initial stiffness of the undisturbed
Boom clay has the influence of diagenetic processes related to the passage of
geological time while in the young reconstituted Boom clay this effect is negli-
gible.
Figure 5.27 to 5.29 present data of undisturbed Boom clay triaxial tests
plotted against results of reconstituted Boom clay triaxial tests. Figure 5.27
show the relationships of the normalised Gvh of the undisturbed data versus
the normalised Gvh of the reconstituted results at the same stress levels. The
void ratio function of Boom clay F (e) = e−1.21 found in Section 5.2.2 is used for
normalising the G0(ij). It shows that the initial stiffnesses of the undisturbed
data are higher than the reconstituted results comparing at the same stress con-
ditions. In a similar way, Figure 5.28 and 5.29 show the relationships between
undisturbed and reconstituted data of Ghh and Ghv respectively. The undis-
turbed Boom clay shows a stiffer behaviour due to the ageing of the material
shown through higher Sij .
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Figure 5.27: Comparison of Gvh between undisturbed and reconstituted data.
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Figure 5.28: Comparison of Ghh between undisturbed and reconstituted data.
Ghv/(F(e).pa)
0
200
400
600
800
0 200 400 600 800
Reconstituted (kPa)
U
n
di
s
tu
rb
e
d 
(kP
a
)
Figure 5.29: Comparison of Ghv between undisturbed and reconstituted data.
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5.5 Alternative interpretations of anisotropy
Jovicˇic´ & Coop (1998) proposed an alternative method to interpret G0(ij) data.
This method uses stress invariants for the correlation of G0(ij). They attempted
to modify the stress components of Hardin & Blandford (1989) as seen in Equa-
tion 2.28 using a single βvh term as function of the stress ratio, η. However,
they were unable to vary the out of plane stress when making Ghh measure-
ments. Thus, Pennington (1999) has been able to complete the plane stress
effect into the Equation 5.9 including βvh, βhh and βhv.
G0(ij) = Sij · F (e) ·
p′(nij)
p
(nij−1)
a
· β
nij/2
ij (5.9)
where:
βvh = βhv = (1 +
η
3 −
2η2
9 )
βhh = (1−
η
3 )
2
η = qp′ is the stress ratio
In his PhD thesis, Pennington (1999) manipulated the Equation 5.9 trans-
forming the term β to the normal stress as shown in Equation 5.10. However,
the Equation 5.10 will not be used for analysing the data in the research due
to the fact that it has the same basis as the Equation 5.9.
G0(ij) = Sij · F (e) ·
(σ′i · σ
′
j)
nij/2
p
(nij−1)
a
(5.10)
The triaxial tests IB1, IB2, IB4, IB7, AB4 performed on the undisturbed
Boom clay and also the tests IR1, AR2, AR3 performed on the reconstituted
Boom clay are re-analysed using the interpretation method of Jovicˇic´ & Coop
(1998). The void ratio function of Boom clay F (e) = e−1.21 found in Section
5.2.2 is used. The values of Sij and nij are obtained by fitting a straight line
through all data. Figures 5.30 and 5.31 present the normalised G0(ij) versus
the β0.5ij measured on the undisturbed Boom clay samples for the virgin load
and the unload-reload data respectively. The data points for the consolidated
samples fall close to a single straight line given by Equation 5.9. The effect of
the stress-induced anisotropy is presented in the values of nvh, nhh and nhv
while the effect of the inherent anisotropy is shown in the values of Svh, Shh
and Shv. The Boom clay has the stress-induced stiffness in the vh direction
higher than in the hh and the hv directions since the value of nvh is higher
than the values of nhh and nhv. The value of nvh at virgin load conditions is
0.51 and consistent with Boom clay results as reported in Haegeman & Menge´
(2001) (See Table 5.1). The Boom clay has the inherent stiffness in the hh
direction higher than in the vh and the hv directions since the value of Shh
is higher than the values of Svh and Shv. The anisotropic parameters of both
groups, the virgin load and the unload-reload data, are similar due to the fact
that the Boom clay still behaves as an overconsolidated material even at virgin
load conditions.
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In a similar way, the reconstituted Boom clay data are also divided into two
groups: the virgin load data and the the unload-reload data. Figure 5.32 shows
the normalised G0(ij) versus the β
0.5
ij for the virgin load data. The values of
nhh and nhv are about 0.38 but differ from the nvh value of 0.44. It shows
that the reconstituted Boom clay has the stress-induced stiffness at virgin load
conditions in the vh direction higher than the hh and the hv directions since
the value of nvh is higher than the values of nhh and nhv. The Boom clay has
the strain-induced stiffness in the hh direction higher than in the vh and the
hv directions since the value of Shh is higher than the values of Svh and Shv.
Figure 5.33 reports the data of the reconstituted Boom clay for unload-reload
data. The test results on reconsolidated Boom clay samples at unload-reload
conditions are different from the virgin load data due to the swelling effect of
the reconstituted Boom clay.
Table 5.22 compares the undisturbed and reconstituted results with data of
the Gault clay as reported in Pennington (1999) and shows that the values of
nhh and nhv of the reconstituted Gault clay are about 0.50 and higher than
the results of the Boom clay.
Clay nvh nhh nhv Svh Shh Shv
Recon. Gault 0.56 0.49 0.51 332 921 481
Undisturb. Boom (virgin load) 0.51 0.37 0.28 546 637 472
Undisturb. Boom (unload-reload) 0.44 0.32 0.30 619 819 524
Recon. Boom (virgin load) 0.44 0.37 0.38 366 532 367
Recon. Boom (unload-reload) 0.33 0.34 0.20 575 736 520
Table 5.22: Anisotropic parameters for the Gault and Boom clay materials by
the alternative method proposed in Jovicˇic´ & Coop (1998).
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Figure 5.30: Normalised G0(ij) versus β
0.5
ij for undisturbed Boom clay (virgin
load data).
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Figure 5.31: Normalised G0(ij) versus β
0.5
ij for undisturbed Boom clay (unload-
reload data).
5.5. ALTERNATIVE INTERPRETATIONS OF ANISOTROPY 139
yhh = 532x0.37
yvh = 366x0.44
yhv = 367x0.38
100
1000
10000
0.1 1 10
p'.(β ij)0.5/pa
G 0
(ij)
/(F
(e)
.
p a
)
Gvh (IR1, AR2 and AR3)
Ghh (IR1, AR2 and AR3)
Ghv (IR1, AR2 and AR3)
Figure 5.32: Normalised G0(ij) versus β
0.5
ij for reconstituted Boom clay (virgin
load data).
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Figure 5.33: Normalised G0(ij) versus β
0.5
ij for reconstituted Boom clay (unload-
reload data).
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5.6 Comparisons between laboratory and
in-situ measurements of G0(ij)
Haegeman & Menge´ (2001) described an investigation of shear wave velocity
and stiffness characteristics of the Boom clay at the same research site Sint-
Katelijne-Waver. Results from both in-situ and laboratory tests are presented.
In-situ measurements comprised shear wave velocities using the seismic cone
penetration test (SCPT) and surface wave velocities using spectral analysis of
surface waves (SASW). Laboratory tests include triaxial compression tests with
bender element measurements. Extensive investigations Menge´ (2001) at the
research site consisting of the overconsolidated Boom clay allowed a comparison
between field and laboratory measurements of Vs and the assessment of the
anisotropy of the clay. Karl (2005) studied dynamic soil properties at this site
out of SCPT.
Shear wave velocities are measured in the field by means of two SCPT tests
to a depth of 9.0 m as reported in Karl (2005), five SASW tests and three
seismic refraction tests (SRT) as obtained from Haegeman & Menge´ (2001)
and Menge´ (2001).
All triaxial tests on undisturbed samples performed in this research are
presented in Figure 5.34 and compared with the two SCPT tests. Results of
Vs(vh) appear to be higher than the SCPT data.
Using the Boom clay parameters found in Table 5.13, shear wave velocities
are calculated through Equations 2.31 to 2.33 and shown in Table 5.23. These
calculated data are also plotted and compared with the field data in the same
figure. Values are again higher than the in-situ measured Vs(vh) but the increase
with depth is similar.
Figure 5.35 presents the laboratory test data of Vs(hh) and Vs(hv) compared
with SRT and SASW tests. Also the calculated data in Table 5.23 are plotted.
The calculated and test data are lower than the field data. Possible reasons
are firstly the fissuring characteristic of the undisturbed Boom clay or secondly
the horizontally propagating waves in the field passing along layers of high
stiffness while the laboratory test data is performed on smaller, possible less
stiff material. Also the inversion calculation of the horizontal Vs out of the
SASW and SRT tests is based on a linear elastic isotropic assumption which
might not be a suitable method for the Boom clay.
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Depth σ′v σ
′
h K e Vs(vh) Vs(hh) Vs(hv) Gvh Ghh Ghv
m kPa kPa m/s m/s m/s MPa MPa MPa
3 35.60 92.92 2.61 0.7982 171.21 198.98 146.48 59.50 80.37 43.56
4 45.60 117.19 2.57 0.7629 184.91 213.60 158.20 69.41 92.62 50.81
5 55.60 160.13 2.88 0.7277 200.35 233.06 171.42 81.49 110.27 59.65
6 65.60 171.22 2.61 0.6925 211.67 243.21 181.10 90.95 120.07 66.58
7 75.60 184.84 2.45 0.6572 223.59 254.66 191.30 101.49 131.65 74.29
8 85.60 199.45 2.33 0.6220 236.12 267.09 202.01 113.18 144.82 82.84
9 95.60 213.19 2.23 0.5868 249.22 280.18 213.22 126.08 159.35 92.29
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Figure 5.34: Vs(vh) measurement of the Boom clay.
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Figure 5.35: Vs(hh) and Vs(hh) measurement of the Boom clay.
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5.7 Summary
This chapter reports and analyses measurements of shear wave velocity ob-
tained with the new multi-directional bender element technique.
The chapter begins with investigations of the stress-induced and the inher-
ent anisotropy of the undisturbed Boom clay. These investigation leads to the
void ratio function for the Boom clay. Using the void ratio function of the
undisturbed Boom clay, the stress-induced and the strain-induced anisotropies
of the reconstituted Boom clay are investigated and found the existence of the
cross-anisotropy from the virgin load data.
The undisturbed and reconstituted samples are compared and found that
the undisturbed samples are stiffer than the reconstituted samples at the same
void ratio.
The last part of the chapter shows the comparison between the field and
the laboratory data. The laboratory Vs(vh) is higher than the field Vs(vh) but
the increase with depth is similar. The laboratory Vs(hv) is lower than the
field Vs(hv). Possible reasons are firstly the fissuring characteristic of the undis-
turbed Boom clay or secondly the horizontally propagating waves in the field
passing along layers of high stiffness while the laboratory test data is performed
on smaller, possible less stiff material. Also the inversion calculation of the hor-
izontal Vs out of the SASW and SRT tests is based on a linear elastic isotropic
assumption which might not be a suitable method for the Boom clay.
The next Chapter 6 will consider the cross-anisotropy of Boom clay. The
five independent elastic parameters of the cross-anisotropy will be investigated
using MMSPE and multi-directional bender element tests. This enables the
application of the cross-anisotropic elastic constitutive law on Boom clay.
Chapter 6
Cross-anisotropy of Boom
clay
6.1 Introduction
One of the important objectives for this research, established in Chapter 1, is
to investigate the five independent elastic parameters for the cross-anisotropic
model of the Boom clay material at very small strains using dynamic methods
and the small strain response to stress changes.
As described in Chapter 2, the development of laboratory techniques for
the reliable measurement of small strain levels of 10−3 to 10−4 % in the elastic
region has assisted in closing the gap between the static and dynamic mea-
surement of soil stiffness as shown in the so called “backbone curve” in Figure
2.2. In triaxial tests, local measurement of deformation on the sample has
become the standard method to reliably obtain strains at very small strain
levels less than 10−4 % as shown in Tatsuoka et al. (1990), Hoque et al. (1997)
and Cuccovillo & Coop (1997). Within these levels, the local strain data are
consistent to bender elements results. Woods (1991) and Tatsuoka & Shibuya
(1991) pointed out that it is not necessary to distinguish between static and
dynamic measured elastic stiffness values when they are measured under the
same conditions.
Kuwano & Jardine (1998) and Pennington (1999) proposed the combination
of MMSPE data with bender element results to deduce all five parameters for
the cross-anisotropic elastic material. With most soils the true elastic region
is very small (in terms of both strain and stress increments) and it is neces-
sary to resolve strains reliably well below 10−3 % for such purposes. Lings
et al. (2000) were able to evaluate the five independent elastic parameters of
the cross-anisotropy of Gault clay merging the small strain data and bender
element results. The triaxial small strain measurements lead to values of Ev
and νvh but are inadequate to evaluate the five independent elastic parame-
ters. Ghv can directly be measured using horizontal bender elements. Eh
145
146 CHAPTER 6. CROSS-ANISOTROPY OF BOOM CLAY
and νhh can be calculated from Ghh and Fh. The horizontal mudulus, Fh, is
also measured in the triaxial small strain testing with MMSPE as described in
Section 2.3.5. In a similar way, Piriyakul & Haegeman (2004) and Piriyakul &
Haegeman (2005a) reported experiments on a kaolinite clay in an instrumented
Bishop & Wesley (1975) stress path cell. Vertical and horizontal BE tests are
conducted along with drained radial and vertical loading tests including local
strain measurements.
The influences on the anisotropic shear moduli at very small strains, G0,
are explored in Chapter 5. It is found that the Boom clay is a significantly
anisotropic material at very small strains however not showing the cross-
anisotropic behaviour. The investigation on the reconstituted Boom clay at
virgin consolidation conditions shows the existence of the cross-anisotropy. In
this chapter the results of the tests on both materials will be forced in a cross-
anisotropic model, care has to be taken in comparison of the parameters.
This chapter studies triaxial tests shearing with MMSPE on both undis-
turbed and reconstituted Boom clay materials. The anisotropic elastic stiff-
nesses of Boom clay are evaluated at the same strain energy level. In the
second part of this chapter, results from triaxial MMSPE tests are combined
with bender element test data in order to determine the five independent cross-
anisotropic elastic parameters for the undisturbed and reconstituted material.
This chapter concludes with a discussion on these results.
6.2 Multiple Mini Stress Path Excursions
(MMSPE)
The details of the testing programme preformed on undisturbed and reconsti-
tuted Boom clay samples are described in Section 4.4. The absolute values
of both the stress increments and the strain increments are plotted to enable
comparison between data regardless of stress path direction. Boom clay sam-
ples are consolidated under K = 2.0 condition to a certain stress and then
sheared with MMSPE. This MMSPE method consists of four excursions; con-
stant σ′v, constant σ
′
h, constant p
′ and constant q. Firstly, the constant σ′h
excursion evaluates the vertical Young’s modulus, Ev, and the vertical Poisson
ratio, νlvh. Secondly, the constant σ
′
v excursion, the horizontal modulus, Fh,
is obtained. Thirdly, the constant p′ excursion, the shear modulus, G′, and
the coupling modulus, J ′qp, are found. Lastly, the excursion of constant q, the
bulk modulus, K ′, and the coupling modulus, J ′pq, are received. Since the local
strain sensors have the limitation at 2×10−3 %, values of these elastic stiffness
parameters measured with local strain sensors at the strain level of 10−3 %
are used in combination with bender element data. Massarsch (2000) proposed
that the results of a dynamic test and a static test can be used to establish the
stress-strain curve, as they are determined at the same strain rate.
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6.2.1 MMSPE results on undisturbed Boom clay
As described in Section 4.4.2, an undisturbed Boom clay sample is consolidated
with K=2.0 condition to the vertical effective stresses of 100, 200, 400 kPa. At
the end of each consolidation phase, the MMSPE is performed as seen in details
in Figure 4.24. Figure 6.1 shows the example of stress-strain curve fitting for
test AB4 at the vertical effective stress of 400 kPa. So, this test is named
400I. The 400 stands for the vertical effective stress and I is an index for the
direction of mini stress paths (see Section 3.2.4). MATLAB software is used
with polynomial order best fit to the data is used (see Section 4.5).
y = -1E+13x6 + 8E+11x5 - 2E+10x4 + 2E+08x3 - 
1E+06x2 + 3699.5x + 0.0017
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Figure 6.1: Example of stress-strain curve fitting of test AB4 (400I) at σ′v=400
kPa.
In MMSPE with the constant σ′h excursion, this excursion can be performed
in order to evaluate the Young’s modulus, Ev, and the vertical Poisson’s ratio,
νlvh, at very small strains. Figure 6.2 shows the vertical Young’s modulus, Ev,
plotted versus the logarithm of the absolute vertical strain, |ǫlv|, for the test
AB4 at vertical effective stresses, σ′v, of 100, 200, and 400 kPa. The values of
the vertical Young’s modulus, Ev, are obtained at the absolute vertical strain,
|ǫlv|, level of 10
−3 %. For the test 100II, the vertical Young’s modulus, Ev,
of undisturbed Boom clay consolidated under K = 2.0 to the vertical effective
stress, σ′v, of 100 kPa is 183 MPa. In a similar way, the vertical Young’s moduli,
Ev, of the test 200I is 204 MPa and the test 400I is 264 MPa. These values
of the vertical Young’s modulus, Ev, are shown in Table 6.1. The results show
that the Young’s modulus increases with increasing stresses at the same vertical
strain level.
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Similar to the vertical Young’s modulus, Ev, in Figure 6.2, the vertical
Poisson’s ratios, νlvh, plotted against the absolute vertical strain, |ǫ
l
v|, of undis-
turbed Boom clay for the test AB4 at vertical effective stresses, σ′v, of 100, 200,
and 400 kPa as shown in Figure 6.3. It found that the values of νlvh of tests
100II, 200I and 400I are about zero at the absolute vertical strain, |ǫlv|, level of
10−3 % as seen in Table 6.1. However, this parameter is difficult to measure in
the very small strain domain.
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test AB4.
In MMSPE with the constant σ′v excursion, this test can be performed in
order to evaluate the horizontal modulus, Fh, at very small strains. Figure
6.4 shows the horizontal modulus, Fh, plotted against the absolute horizontal
strain, |ǫlh|, for the test AB4 at vertical effective stresses, σ
′
v, of 100, 200, and
400 kPa. In a similar way as Ev, the values of Fh increase with increasing
stresses at the horizontal strain level, |ǫlh|, of 10
−3 %. For the test 100IV, the
horizontal modulus, Fh, of undisturbed Boom clay consolidated under K = 2.0
to the vertical effective stress, σ′v, of 100 kPa is 284 MPa. For the tests 200III
and 400IV, the horizontal moduli, Fh, are 414 MPa and 453 MPa respectively.
These values of the horizontal moduli, Fh, are shown in Table 6.1.
In MMSPE with the constant q excursion, this test can be performed in
order to evaluate the bulk modulus, K ′, and the coupling modulus, J ′pq, at very
small strains. Figure 6.5 presents the bulk modulus, K ′, plotted against the
absolute volumetric strain, |ǫlp|, for the test AB4 at vertical effective stresses,
σ′v, of 100, 200, and 400 kPa. The values of K
′ increase with increasing stresses
at the absolute volumetric strain, |ǫlp|, level of 10
−3 %. For the test 100VI, the
bulk modulus, K ′, of undisturbed Boom clay consolidated under K = 2.0 to
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Figure 6.5: K ′ plotted against logarithm of absolute volumetric strain, |ǫlp|, for
test AB4.
the vertical effective stress, σ′v, of 100 kPa is 137 MPa. For the tests 200VI and
400VI, the bulk moduli, K ′, are 146 MPa and 180 MPa respectively. These
values of the bulk moduli, K ′, are shown in Table 6.1.
In MMSPE with the constant p′ excursion, this test can be performed in
order to evaluate the shear modulus, G′, and the coupling modulus, J ′qp, at
very small strains. Figure 6.6 shows the shear modulus, G′, plotted against the
absolute distortional strains, |ǫlq|, for the test AB4 at vertical effective stresses,
σ′v, of 100, 200, and 400 kPa. The values of G
′ increase with increasing stresses
at the absolute distortional strains, |ǫlq|, level of 10
−3 %. For the test 100VIII,
the shear modulus, G′, of undisturbed Boom clay consolidated under K = 2.0
to the vertical effective stress, σ′v, of 100 kPa is 160 MPa. For the tests 200VII
and 400VII, the shear moduli, G′, are 359 MPa and 571 MPa respectively.
These values of the shear moduli, G′, are shown in Table 6.1.
Finally, Figure 6.7 shows the coupling modulus, J ′pq, plotted against the
absolute distortional strain, |ǫlq|, and Figure 6.8 shows the coupling modulus,
J ′qp, plotted against the absolute volumetric strain, |ǫ
l
p|, of undisturbed Boom
clay for the test AB4 at vertical effective stresses, σ′v, of 100, 200, and 400 kPa.
Since the MMSPE test is performed in an elastic domain, so J ′qp = J
′
pq = J
′.
These values of J ′ increase with increasing stresses at the strain level of 10−3
%. For the test 100VI, the coupling modulus, J ′pq, of undisturbed Boom clay
consolidated under K = 2.0 to the vertical effective stress, σ′v, of 100 kPa is
152 MPa at the absolute distortional strain, |ǫlq|, level of 10
−3 %. In a similar
way, the coupling moduli, J ′pq, of the tests 200VIII and 400VII, J
′
pq, are 328
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MPa at the absolute distortional strain, |ǫlq|, level of 10
−3 % and 361 MPa at
the absolute volumetric strain, |ǫlp|, level of 10
−3 % respectively. These values
of the coupling moduli, J ′, are shown in Table 6.1. However, a unified strain is
required to determine the small strain stiffnesses at comparable strain levels.
The Section 6.2.3 will describe the use of the incremental strain energy, U , as
a unified strain.
All figures show tendencies as expected. As a conclusion Table 6.1 gives an
overview of the parameters retained:
Test Ev ν
l
vh Fh G
′ K ′ J ′
100 183 0.00 284 160 137 152
200 204 -0.05 414 359 146 328
400 264 0.00 453 571 180 361
Table 6.1: Elastic parameters of undisturbed Boom clay.
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6.2.2 MMSPE results on reconstituted Boom clay
Tests AR2 and AR3 are performed on reconstituted Boom clay samples consol-
idating under K = 2.0 condition and sheared with MMSPE method as clearly
explained in Section 4.4.2. For the test AR2, a reconstituted Boom clay sample
is consolidated with K=2.0 condition to the vertical effective stresses of 100,
200, 400 kPa. Unfortunately, the sample is failed duringK-consolidation to the
vertical effective stress of 400 kPa. Thus, the AR3 is additionally performed
consolidating the reconstituted Boom clay sample under K = 2.0 to the ver-
tical stress of 50 kPa. At the end of each consolidation phase, the MMSPE is
performed as seen in details in Figure 4.24 and Figure 4.25.
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Figure 6.9: Ev plotted against logarithm of absolute vertical strain, |ǫ
l
v|, for
tests AR2 and AR3.
For the MMSPE with the constant σ′h excursion, this excursion can be
performed in order to investigate the Young’s modulus, Ev, and the vertical
Poisson’s ratio, νlvh, at very small strains. Figure 6.9 shows the vertical Young’s
modulus, Ev, plotted versus the logarithm of the absolute vertical strain, |ǫ
l
v|,
for the tests AR2 and AR3 at vertical effective stresses, σ′v, of 50, 100, and
200 kPa. The values of the vertical Young’s modulus, Ev, are obtained at the
absolute vertical strain, |ǫlv|, level of 10
−3 %. For the test 50II, the vertical
Young’s modulus, Ev, of reconstituted Boom clay consolidated under K = 2.0
to the vertical effective stress, σ′v, of 50 kPa is 40 MPa. In a similar way, the
vertical Young’s moduli, Ev, of the test 100II is 84 MPa and the test 200I
is 162 MPa. These values of the vertical Young’s modulus, Ev, are shown in
Table 6.2. Again, the test results show that the Young’s modulus increases
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with increasing stresses at the same vertical strain level. The vertical Poisson’s
ratios, νlvh, plotted against the absolute vertical strain, |ǫ
l
v|, as shown in Figure
6.10. It found that the values of νlvh of tests 50II, 100II, and 200I are about
zero at the absolute vertical strain, |ǫlv|, level of 10
−3 % as shown in Table 6.2.
However, there is the difficulty to measure this parameter in the very small
strain domain due to the limitation of the local strain sensors.
For MMSPE with the constant σ′v excursion, this excursion can be per-
formed in order to evaluate the horizontal modulus, Fh, at very small strains.
Figure 6.11 shows the horizontal modulus, Fh, plotted against the absolute
horizontal strain, |ǫlh|, for the tests AR2 and AR3 at vertical effective stresses,
σ′v, of 50, 100, and 200 kPa. The values of Fh increase with increasing stresses
at the horizontal strain level, |ǫlh|, of 10
−3 %. For the test 50IV, the horizon-
tal modulus, Fh, of reconstituted Boom clay consolidated under K = 2.0 to
the vertical effective stress, σ′v, of 50 kPa is 159 MPa. For the tests 100IV
and 200III, the horizontal moduli, Fh, are 178 MPa and 242 MPa respectively.
These values of the horizontal moduli, Fh, are shown in Table 6.2.
In MMSPE with the constant q excursion, this excursion can be performed
in order to investigate the bulk modulus, K ′, and the coupling modulus, J ′pq, at
very small strains. Figure 6.12 presents the bulk modulus, K ′, plotted against
the absolute volumetric strain, |ǫlp|, for the tests AR2 and AR3 at vertical
effective stresses, σ′v, of 50, 100, and 200 kPa. The values of K
′ increase with
increasing stresses at the absolute volumetric strain, |ǫlp|, level of 10
−3 %. For
the test 50V, the bulk modulus, K ′, of reconstituted Boom clay consolidated
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under K = 2.0 to the vertical effective stress, σ′v, of 50 kPa is 93 MPa. For
the tests 100VI and 200V, the bulk moduli, K ′, are 131 MPa and 132 MPa
respectively. These values of the bulk moduli, K ′, are shown in Table 6.2.
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Figure 6.13: G′ plotted against logarithm of absolute distortional strain, |ǫlq|,
for tests AR2 and AR3.
In MMSPE with the constant p′ excursion, this excursion can be performed
in order to evaluate the shear modulus, G′, and the coupling modulus, J ′qp, at
very small strains. Figure 6.13 shows the shear modulus, G′, plotted against
the absolute distortional strains, |ǫlq|, for the tests AR2 and AR3 at vertical
effective stresses, σ′v, of 50, 100, and 200 kPa. The values of G
′ increase with
increasing stresses at the absolute distortional strains, |ǫlq|, level of 10
−3 %. For
the test 50VII, the shear modulus, G′, of reconstituted Boom clay consolidated
under K = 2.0 to the vertical effective stress, σ′v, of 50 kPa is 117 MPa. For
the tests 100VII and 200VII, the shear moduli, G′, are 128 MPa and 215 MPa
respectively. These values of the shear moduli, G′, are shown in Table 6.2.
Finally, Figure 6.14 shows the coupling modulus, J ′pq, plotted against the
absolute distortional strain, |ǫlq|, of reconstituted Boom clay for the tests AR2
and AR3 at vertical effective stresses, σ′v, of 50, 100 and 200 kPa. J
′
qp = J
′
pq =
J ′ in an elastic domain. These values of J ′ increase with increasing stresses
at the strain level of 10−3 %. For the test 50V, the coupling modulus, J ′pq, of
reconstituted Boom clay consolidated under K = 2.0 to the vertical effective
stress, σ′v, of 50 kPa is 264 MPa at the absolute distortional strain, |ǫ
l
q|, level of
10−3 %. In a similar way, the tests 100V and 200V, J ′pq are 262 and 279 MPa
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respectively. These values of the coupling moduli, J ′, are shown in Table 6.2.
As a conclusion table 6.2 gives an overview of the parameters retained:
Test Ev ν
l
vh Fh G
′ K ′ J ′
50 40 0.00 159 117 93 264
100 84 0.00 178 128 131 262
200 162 0.00 242 215 132 279
Table 6.2: Elastic parameters of reconstituted Boom clay.
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6.2.3 The evaluation of the cross-anisotropic parameters
As described in the previous section, the cross-anisotropic parameters consist of
Ev, Eh, νvh, νhh and Ghv. Ev and νvh are directly obtained from the MMSPE
test. Ghv is measured by the horizontal bender element test. Using the value
of Fh, Eh and νhh can be calculated through the Equations 2.35 and 2.36
respectively.
In order to determine these moduli at comparable strain levels among the
various strain measurements, a unified strain is required to represent vertical,
horizontal, volumetric and distortional strains. Burland (1989) proposed the
use of the incremental strain energy as seen in Equation 6.1.
δU =
ǫp∑
0
(p′ − p′0) δǫp +
ǫq∑
0
(q′ − q′0) δǫq (6.1)
where δU is the incremental strain energy.
Interpretation with strain energy on undisturbed Boom clay
Similar to the previous section, the small strain stiffnesses are determined with
the incremental strain energy, U , at the level of 10−5 kJ/m3. The level of
U = 10−5 kJ/m3 is chosen since data stays more or less constant at lower
strain energy levels. For MMSPE with the constant σ′h excursion, this ex-
cursion can be performed in order to evaluate the Young’s modulus, Ev, and
the vertical Poisson’s ratio, νlvh, at very small strains. Figure 6.15 shows the
vertical Young’s modulus, Ev, plotted versus the logarithm of the incremental
strain energy, U , for the test AB4 at vertical effective stresses, σ′v, of 100, 200,
and 400 kPa. The values of the vertical Young’s modulus, Ev, are obtained at
the incremental strain energy, U , level of 10−5 kJ/m3. For the test 100II, the
vertical Young’s modulus, Ev, of undisturbed Boom clay consolidated under
K = 2.0 to the vertical effective stress, σ′v, of 100 kPa is 199 MPa. Similar to
the test 100II, the vertical Young’s moduli, Ev, of the test 200I is 202 MPa and
the test 400I is 280 MPa. These values of the vertical Young’s modulus, Ev,
are shown in Table 6.3. The results show that the Young’s modulus increases
with increasing stresses at the strain energy level.
The vertical Poisson’s ratios, νlvh, plotted against the incremental strain
energy, U , for the test AB4 at vertical effective stresses, σ′v, of 100, 200, and
400 kPa as shown in Figure 6.16. It found that the values of νlvh of tests 100II,
200I and 400I are about zero at the incremental strain energy, U , level of 10−5
kJ/m3 as shown in Table 6.3. However, this parameter is difficult to measure
in the very small strain domain.
In MMSPE with the constant σ′v excursion, this test can be performed in
order to evaluate the horizontal modulus, Fh, at very small strains. Figure
6.17 shows the horizontal modulus, Fh, plotted against the incremental strain
energy, U , for the test AB4 at vertical effective stresses, σ′v, of 100, 200, and 400
kPa. The results show that the values of Fh increase with increasing stresses at
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Figure 6.15: Ev plotted against logarithm of strain energy, U , for test AB4.
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Figure 6.16: νlvh plotted against logarithm of strain energy, U , for test AB4.
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the incremental strain energy, U , level of 10−5 kJ/m3. For the test 100IV, the
horizontal modulus, Fh, of undisturbed Boom clay consolidated under K = 2.0
to the vertical effective stress, σ′v, of 100 kPa is 363 MPa. For the tests 200III
and 400IV, the horizontal moduli, Fh, are 406 MPa and 662 MPa respectively.
These values of the horizontal moduli, Fh, are shown in Table 6.3.
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Figure 6.17: Fh plotted against logarithm of strain energy, U ,for test AB4.
In MMSPE with the constant q excursion, this excursion can be performed
in order to evaluate the bulk modulus, K ′, and the coupling modulus, J ′pq, at
very small strains. Figure 6.18 presents the bulk modulus, K ′, plotted against
the incremental strain energy, U , for the test AB4 at vertical effective stresses,
σ′v, of 100, 200, and 400 kPa. It found that the values of K
′ increase with
increasing stresses at the incremental strain energy, U , level of 10−5 kJ/m3. For
the test 100VI, the bulk modulus, K ′, of undisturbed Boom clay consolidated
under K = 2.0 to the vertical effective stress, σ′v, of 100 kPa is 111 MPa. For
the tests 200VI and 400VI, the bulk moduli, K ′, are 143 MPa and 204 MPa
respectively. These values of the bulk moduli, K ′, are shown in Table 6.3.
In MMSPE with the constant p′ excursion, this test can be performed in
order to evaluate the shear modulus, G′, and the coupling modulus, J ′qp, at
very small strains. Figure 6.19 shows the shear modulus, G′, plotted against
the incremental strain energy, U , for the test AB4 at vertical effective stresses,
σ′v, of 100, 200, and 400 kPa. The values of G
′ increase with increasing stresses
at the strain energy, U , level of 10−5 kJ/m3. For the test 100VIII, the shear
modulus, G′, of undisturbed Boom clay consolidated under K = 2.0 to the
vertical effective stress, σ′v, of 100 kPa is 166 MPa. For the tests 200VII and
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Figure 6.18: K ′ plotted against logarithm of strain energy, U , for test AB4.
400VII, the shear moduli, G′, are 392 MPa and 643 MPa respectively. These
values of the shear moduli, G′, are shown in Table 6.3.
Finally, Figure 6.20 shows the coupling modulus, J ′, plotted against the
incremental strain energy, U , of undisturbed Boom clay for the test AB4 at
vertical effective stresses, σ′v, of 100, 200, and 400 kPa. These values of J
′
increase with increasing stresses at the strain energy level of 10−5 kJ/m3. For
the test 100VI, the coupling modulus, J ′, consolidated under K = 2.0 to the
vertical effective stress, σ′v, of 100 kPa is 161 MPa at the strain energy, U ,
level of 10−5 kJ/m3. In a similar way, the coupling moduli, J ′, of the tests
200VIII and 400VII are 350 MPa and 472 MPa respectively. The test 200 VIII
is extrapolated to this strain energy level by polynomial curve fitting. These
values of the coupling moduli, J ′, are shown in Table 6.3.
Test Ev ν
l
vh Fh G
′ K ′ J ′
100 199 0.00 363 166 111 161
200 202 -0.05 406 392 143 350
400 280 0.00 662 643 204 472
Table 6.3: Elastic parameters of undisturbed Boom clay at strain energy level
U = 10−5 kJ/m3.
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Figure 6.19: G′ plotted against logarithm of strain energy, U , for test AB4.
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Figure 6.20: J ′ plotted against logarithm of strain energy, U , for test AB4.
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Interpretation with strain energy on reconstituted Boom clay
For the MMSPE with the constant σ′h excursion, this excursion can be per-
formed in order to investigate the Young’s modulus, Ev, and the vertical Pois-
son’s ratio, νlvh, at very small strains. Figure 6.21 shows the vertical Young’s
modulus, Ev, plotted versus the logarithm of the incremental strain energy
strain, U , for the tests AR2 and AR3 at vertical effective stresses, σ′v, of 50,
100 and 200 kPa. The values of the vertical Young’s modulus, Ev, are obtained
at the incremental strain energy, U , level of 10−5 kJ/m3. For the test 50II, the
vertical Young’s modulus, Ev, of reconstituted Boom clay consolidated under
K = 2.0 to the vertical effective stress, σ′v, of 50 kPa is 31 MPa. In a similar
way, the vertical Young’s moduli, Ev, of the test 100II is 85 MPa and the test
200I is 171 MPa. These values of the vertical Young’s modulus, Ev, are shown
in Table 6.4. Again, the test results show that the Young’s modulus increases
with increasing stresses at the same vertical strain level. The vertical Poisson’s
ratios, νlvh, plotted against the absolute vertical strain, |ǫ
l
v|, as shown in Figure
6.22. It found that the values of νlvh of tests 50II, 100II, and 200I are about
zero at the incremental strain energy, U , level of 10−5 kJ/m3 as shown in Table
6.4.
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Figure 6.21: Ev plotted against logarithm of strain energy, U , for tests AR2
and AR3.
For MMSPE with the constant σ′v excursion, this excursion can be per-
formed in order to evaluate the horizontal modulus, Fh, at very small strains.
Figure 6.23 shows the horizontal modulus, Fh, plotted against the strain en-
ergy, U , for the tests AR2 and AR3 at vertical effective stresses, σ′v, of 50, 100,
and 200 kPa. The results show that the values of Fh increase with increasing
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Figure 6.22: νvh plotted against logarithm of strain energy, U , for tests AR2
and AR3.
stresses at the incremental strain energy, U , level of 10−5 kJ/m3. For the test
50IV, the horizontal modulus, Fh, of reconstituted Boom clay consolidated un-
der K = 2.0 to the vertical effective stress, σ′v, of 50 kPa is 199 MPa. For the
test 100IV, the horizontal moduli, Fh, are 222 MPa. For the test 200III, the
value of Fh of 366 MPa is extrapolated to the incremental strain energy, U ,
level of 10−5 kJ/m3 by polynomial curve fitting. These values of the horizontal
moduli, Fh, are shown in Table 6.4.
In MMSPE with the constant q excursion, this excursion can be performed
in order to investigate the bulk modulus, K ′, and the coupling modulus, J ′, at
very small strains. Figure 6.24 presents the bulk modulus, K ′, plotted against
the strain energy, U , for the tests AR2 and AR3 at vertical effective stresses,
σ′v, of 50, 100 and 200 kPa. The values ofK
′ increase with increasing stresses at
the strain energy, U , level of 10−5 kJ/m3. For the test 50V, the bulk modulus,
K ′, of reconstituted Boom clay consolidated under K = 2.0 to the vertical
effective stress, σ′v, of 50 kPa is 95 MPa. For the tests 100VI and 200V, the
bulk moduli, K ′, are 116 MPa and 129 MPa respectively. These values of the
bulk moduli, K ′, are shown in Table 6.4.
In MMSPE with the constant p′ excursion, this excursion can be performed
in order to evaluate the shear modulus, G′, and the coupling modulus, J ′qp, at
very small strains. Figure 6.25 shows the shear modulus, G′, plotted against
the incremental strain energy, U , for the tests AR2 and AR3 at vertical effective
stresses, σ′v, of 50, 100 and 200 kPa. The values of G
′ increase with increasing
stresses at the strain energy, U , level of 10−5 kJ/m3. For the test 50VII, the
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Figure 6.23: Fh plotted against logarithm of strain energy, U , for tests AR2
and AR3.
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Figure 6.24: K ′ plotted against logarithm of strain energy, U , for tests AR2
and AR3.
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shear modulus, G′, of reconstituted Boom clay consolidated under K = 2.0 to
the vertical effective stress, σ′v, of 50 kPa is 118 MPa. For the tests 100VII and
200VII, the shear moduli, G′, are 125 MPa and 214 MPa respectively. These
values of the shear moduli, G′, are shown in Table 6.4.
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Figure 6.25: G′ plotted against logarithm of strain energy, U , for tests AR2
and AR3.
Finally, Figure 6.26 shows the coupling modulus, J ′, plotted against the
incremental strain energy, U , of reconstituted Boom clay for the tests AR2 and
AR3 at vertical effective stresses, σ′v, of 50, 100 and 200 kPa. These values of
J ′ increase with increasing stresses at the strain level of 10−5 kJ/m3. For the
test 50V, the coupling modulus, J ′, of reconstituted Boom clay consolidated
under K = 2.0 to the vertical effective stress, σ′v, of 50 kPa is 274 MPa at
the incremental strain energy, U , level of 10−5 kJ/m3. In a similar way, the
tests 100V and 200V show the J ′ values of 325 and 374 MPa respectively
extrapolated to this strain level by polynomial curve fitting. These values of
the coupling moduli, J ′, are shown in Table 6.4.
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Figure 6.26: J ′ plotted against logarithm of strain energy, U , for tests AR2
and AR3.
Test Ev ν
l
vh Fh G
′ K ′ J ′
100 31 0.00 199 118 95 274
200 85 0.00 222 125 116 325
400 171 0.00 366 214 129 374
Table 6.4: Elastic parameters of reconstituted Boom clay at strain energy level
U = 10−5 kJ/m3.
168 CHAPTER 6. CROSS-ANISOTROPY OF BOOM CLAY
Cross-anisotropic parameters
The cross-anisotropic elastic parameters for the undisturbed and the reconsti-
tuted Boom clay obtained at the strain energy level of U = 10−5 kJ/m3 are
summarised in the Table 6.5. In this table, the reference anisotropic values of
the cross-anisotropy for the undisturbed Gault clay at the strain energy level
of U = 10−6 kJ/m3 are also presented.
It is found that small strain moduli increase with increasing confining
stresses at the strain energy level of U = 10−5 kJ/m3. The small strain moduli
for undisturbed Boom clay are higher than the reconstituted Boom clay. The
values of νlvh and ν
l
hh are difficult to measure. However, the values of ν
l
vh and
νlhh at the strain energy level of U = 10
−5 kJ/m3 are about zero and similar to
the finding of Pennington (1999) for the Gault clay. The small strain moduli of
Gault clay are considered extremely high perhaps partly due to the fact that
they are measured at a smaller strain energy level.
Also, the elastic moduli K ′, G′, J ′ can be directly measured in MMSPE.
Table 6.6 summarises these K ′, G′, J ′ elastic parameters for the undisturbed
and the reconstituted Boom clay and also compares with the undisturbed Gault
clay results. It is seen again that K ′, G′, J ′ have a tendency to increase with
increasing confining stresses at the strain energy level of U = 10−5 kJ/m3
and the small strain moduli of undisturbed Boom clay samples are higher than
the small strain moduli of reconstituted Boom clay samples. This confirms the
results of the shear wave explorations in section 5.4 that the undisturbed Boom
clay is stiffer than the reconstituted Boom clay.
It should be reminded that a cross-anisotropic model is more suited for the
reconstituted Boom clay so comparison of the absolute values of the elastic
parameters between undisturbed and reconstituted material should be done by
care.
Clay Test e Ev ν
l
vh Fh Ghv Eh ν
l
hh
Undis. Gault 100 0.8130 550 0.00 2100 507 2186 -0.041
Undis. Boom 100 0.5892 199 0.00 363 112 347 0.045
Undis. Boom 200 0.5541 202 -0.05 406 130 417 -0.026
Undis. Boom 400 0.5594 280 0.00 662 155 644 0.027
Recon. Boom 50 0.7515 31 0.00 199 59 202 -0.014
Recon. Boom 100 0.5751 85 0.00 222 60 213 0.040
Recon. Boom 200 0.5349 171 0.00 366 103 343 0.059
Table 6.5: Cross-anisotropic elastic parameters of Gault and Boom clay.
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Clay Test G′ K ′ J ′
Undis. Gault 100 385 356 990
Undis. Boom 100 166 111 161
Undis. Boom 200 392 143 350
Undis. Boom 400 643 204 472
Recon. Boom 50 118 95 274
Recon. Boom 100 125 116 325
Recon. Boom 200 214 129 374
Table 6.6: K ′, G′, J ′ elastic parameters of Gault and Boom clay.
6.3 Summary
The cross-anisotropy for undisturbed and reconstituted Boom clay is investi-
gated at very small strains. The three parameters Ev, νvh and Fh formulation
proposed in Pennington (1999) and Lings et al. (2000) is used. Combining
anisotropic triaxial small strain data with multi-directional bender element
measurements, the five independent elastic parameters of cross-anisotropy (Ev,
Eh, νvh, νhh and Ghv) are obtained. Values of cross-anisotropic elastic para-
meters for undisturbed and reconstituted Boom clay are presented in Table
6.1. There is difficulty to measure to the Poisson ratio’s, νvh, in the very small
strain region. Also, the Fh and the J
′ moduli are difficult to determine in
some tests. Therefore, polynomial function best fit to the data is generated in
order to obtain the value at the strain energy level of U = 10−5 kJ/m3. Re-
sults of G′,K ′, J ′ moduli directly measured by MMSPE are shown the values
of K ′, G′, J ′ elastic parameters increase with increasing confining stresses at
the strain energy level of U = 10−5 kJ/m3 and are independent of stress path
directions which is also a requirement for elastic behaviour.
These small strain moduli are obtained from different types of strain. In
order to compare the small strain moduli and calculate the cross-anisotropic
parameters, a unified strain is required. A strain energy, U , approach is chosen
offering the possibility to compare and plot the small strain stiffness parameters
at the same strain energy level.
The small strain moduli of undisturbed Boom clay samples are higher than
the reconstituted Boom clay samples which is consistent with the results of the
shear wave explorations.
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Chapter 7
Summary and conclusions
Within the framework of this research, two prototype triaxial apparatuses are
constructed to investigate the small strain anisotropic stiffness of the Boom clay
incorporating both multi-directional bender element and local strain measure-
ments. Using these test set-ups it is shown that the Boom clay is significantly
anisotropic and thus only conventional isotropic triaxial tests to evaluate the
shear modulus are not sufficient to characterise the stiffness of the material.
This chapter summarises the work performed and finishing of the research.
7.1 Equipment and techniques for measuring
the anisotropy of small strain stiffness
Two prototype triaxial apparatuses capable of resolving local vertical and hor-
izontal strains down to 10−3 % are constructed: firstly, a conventional triaxial
apparatus with local strain sensors offering the possibility to consolidate a soil
sample under isotropic stress, secondly, an anisotropic triaxial apparatus with
instrumented Bishop & Wesley (1975) stress path cell and local strain devices
offering the possibility to consolidate a soil sample under anisotropic K0- or
K-condition. These apparatuses include multi-directional bender elements for
measurement of shear wave velocities, Vs(vh), Vs(hh) and Vs(hv) to calculate
shear moduli Gvh, Ghh and Ghv.
These apparatuses have significant advances above the conventional triax-
ial apparatus and the stress path cell used in research at some commercial
laboratories over the past three decades. The main advantages are:
• These two prototype triaxial apparatuses include local strain sensors ca-
pable of measuring local vertical and horizontal strains at very small level.
These local strain sensors are mounted at the sample mid-height where
the “bedding errors” are absent.
• The anisotropic triaxial apparatus is installed with an internal load cell.
This load cell is directly used to measure an axial force on the sample.
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• Apart from the standard bender element devices generally used to mea-
sure Vs(vh), the new horizontal bender element technique enables mea-
surement of Vs(hh) and Vs(hv). Thus multi-directional bender elements
allow the measurement of shear moduli Gvh, Ghh and Ghv on the same
sample.
• The anisotropic triaxial apparatus is controlled through a computer with
LABVIEW software developed in the research. The software is capable
to consolidate the soil sample under K0- or K-condition and shear under
several MMSPE.
• The bender element testing method is improved using the method pro-
posed by Mohsin & Airey (2003) and automated by generating input
signals via a computer sound card and developed MATLAB software.
This simplifies the test procedure.
7.2 Shear wave investigations of the anisotropy
of small strain stiffness
The anisotropy of G0(ij) is investigated by measuring Vs(ij) during triaxial tests
carried out both on undisturbed and reconstituted Boom clay. The investiga-
tions focus on explorations of the parameters void ratio and stress state as in
seen Equation 7.1 proposed by Hardin & Blandford (1989).
G0(ij) = Sij · F (e) · (OCR)
k · p(1−ni−nj)a · (σ
′
i)
ni · (σ′j)
nj (7.1)
The void ratio function, F (e), is adopted on the basis of Lo Presti (1989)
and Jamiolkowski et al. (1991) as follows:
F (e) = e−x (7.2)
Jamiolkowski et al. (1995) found that the OCR does not influence the mag-
nitude of the small strain elastic shear modulus, G0(ij), a general equation for
investigating G0(ij) of clay soils is proposed and used in this research:
G0(ij) = Sij · e
−x · p(1−ni−nj)a · (σ
′
i)
ni · (σ′j)
nj (7.3)
Using the Equation 7.3 on isotropic and anisotropic test data of undisturbed
and reconstituted Boom clay, the research found that:
• The void ratio function of Boom clay is F (e) = e−1.21 using a method
of analysing undisturbed Boom clay data without fixing the value of
n = nv = nh nor fixing the value of x = 1.30 during regression analysis.
• Stress-induced anisotropy of undisturbed Boom clay, which results only
from the current stress condition and is independent of the stress and
strain history of the soil, is found during regression analysis of virgin load
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data and provides the values of nv = 0.28 and nh = 0.17. Similar to the
regression analysis of the virgin load data, the stress-induced anisotropic
parameters of the unload-reload data provides the values of nv = 0.21
and nh = 0.14. The value of nv is higher than the value of nh reflecting a
higher stress-induced stiffness in the vertical direction than in horizontal
direction.
• Inherent anisotropy of undisturbed Boom clay, which results from the
current structure and fabric of the soil, is found during regression analy-
sis of virgin load data and provides the ratio’s of Shh/Shv = 1.57 and
Svh/Shv = 1.37. For unload-reload data, the inherent anisotropy pro-
vides ratio’s of Shh/Shv = 1.58 and Svh/Shv = 1.28, shows that the
Boom clay is a significantly anisotropic material. This analysis of both
groups of data shows similar results due to the fact the the Boom clay be-
haves as an overconsolidated material even at the virgin load conditions
used in this research.
• Stress-induced anisotropy of reconstituted Boom clay is obtained by re-
gression analysis. For virgin load data, the values of nv = 0.27 and
nh = 0.21 are found and consistent with the stress-induced anisotropy
for undisturbed Boom clay. Different from the results of virgin load data,
the stress-induced anisotropic parameters of the unload-reload data show
the values of nv = 0.09 and nh = 0.16. The value of nv is lower than the
value of nh and is probably due to the swelling effect of the reconstituted
Boom clay.
• Strain-induced anisotropy of reconstituted Boom clay, which results from
the current structure and fabric of the young reconstituted soil without
ageing effect, is found during regression analysis of virgin load data and
provides the ratio’s of Shh/Shv = 1.47 and Svh/Shv = 1.00. The ratio
Shh/Shv not equal to 1.00 reflects a structure predominantly related to
a 1-D strain history and the ratio Svh/Shv = 1.00 shows the existence
of the cross-anisotropy. For unload-reload data, the ratio Shh/Shv is
1.43 and the ratio Svh/Shv is 1.19. These ratio’s Shh/Shv and Svh/Shv
are not equal to 1.00 reflecting a structure consistent with undisturbed
overconsolidated Boom clay behaviour.
• Using the equation proposed by Jovicˇic´ & Coop (1998), the research
presents the stress-induced, inherent and strain-induced anisotropy of
undisturbed and reconstituted Boom clay in an alternative way.
• Comparisons between undisturbed and reconstituted Boom clay data
show that the undisturbed Boom clay is stiffer than the reconstituted
Boom clay.
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Comparisons between laboratory measurements of Vs(ij) on undisturbed
Boom clay samples and field data show that:
• The laboratory Vs(vh) is higher than the field SCPT data but the increase
with depth is similar.
• The laboratory test data of Vs(hh) and Vs(hv) are compared with SRT and
SASW tests and show that the laboratory Vs(hh) and Vs(hv) are lower
than the field data. Possible reasons are that in the field horizontally
propagating waves pass along layers of high stiffness while the laboratory
test data is performed on small, possible less stiff material or the inversion
calculation of the horizontal shear wave velocity by the SRT and the
SASW tests is based on a linear elastic isotropic assumption which is not
valid for the Boom clay.
7.3 Measurement of cross-anisotropic elastic pa-
rameters
High quality triaxial testing with local strain sensors and multi-directional ben-
der element devices is carried out on undisturbed and reconstituted Boom clay
samples. The samples are consolidated under K = 2.0 condition to a cer-
tain vertical effective stress and sheared with MMSPE. Combining the local
strain measurement data with multi-directional bender element data, cross-
anisotropic elastic parameters are evaluated. The following conclusions can be
drawn out of these tests:
• The three parameters Ev, νvh, Fh formulation proposed in Pennington
(1999) offers the possibility to evaluate the five independent elastic para-
meters for the cross-anisotropy out of the anisotropic triaxial testing.
• The three parameters G′, K ′, J ′ formulation can be manipulated into
the three parameters Ev, νvh, Fh formulation which also offers the pos-
sibility to evaluate the five independent elastic parameters for the cross-
anisotropy out of the anisotropic triaxial testing.
• The strain energy method is very useful for comparison the small strain
elastic moduli at the same strain energy and calculation of the five in-
dependent elastic parameters for the cross-anisotropy as given in Table
6.5.
• The small strain elastic moduli increase with increasing confining stresses
compared at the same strain energy level and are independent of stress
path directions.
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7.4 Recommended further work
For future research, the cross-anisotropic elastic parameters of Boom clay can
be applied in the wave equation interpretations of SASW, SRT (seismic refrac-
tion test) and SCPT. This can explain the difference between the SCPT, SRT
and SASW results as mentioned before.
At the nuclear waste burial project in Mol, it would be very interesting
to include the effect of cross-anisotropy of Boom clay into the design method
of the deep underground laboratory. This needs research of the behaviour of
the clay at much higher stress. In ground movements around structures such
as deep excavations and tunnels, it is recognised that soils are not isotropic
materials. Numerical analyses based on the assumption of isotropic behaviour
are not sufficient and require the consideration of the anisotropic properties
of soils to improve the accuracy of ground movement prediction. Therefore, it
would be very useful to apply the cross-anisotropic parameters in predicting the
ground movements of many geotechnical structures constructed on the Boom
formation.
For the large strain domain, it is also very interesting to investigate the effect
of cross-anisotropy of Boom clay at failure by means of the triaxial apparatuses
including p-wave measurement in both vertical and horizontal directions in
order to obtain extra parameters offering the possibility to double check the
test results.
Furthermore, this research can be extended to other Belgian tertiary soils
such as Barton and Ieperiaan clay.
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